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PREFACE 

Ai/THOUGH the development of chemistry has 
taken place more or less by leaps and bounds, it is 
difficult to fix an exact date as the beginning of the 
"New Elra." The year 1887 marks the appear- 
ance of the first volume of the Zeitschrift flir 
phyakalische Chemie/' and in this volume the 
epoch-making papers by Van't Hoff, on the ^'Rela- 
tions between Solutions and Gases/' and of Arrhe- 
nius on the "Theory of Electrolytic Dissociation" 
appeared. This date, 1887, is therefore taken as 
the beginning of the "New Era/' which is, then, a 
quarter of a century old. 

It is, however, clearly recognized, that there is a 
difference between the chemistry of twenty-five 
years ago^and that of today. That this is really a 
difference in kind, is not always clearly understood 
either by those who have watched the development 
during that period, or by those who have not 
studied chemistry long enough to have the necessary 
perspective. 

It has seemed desirable to point out as clearly as 
possible in what this difference consists; how these 
new developments were brought about and by whom. 
This is the object of this little work. 






60577 



iv PREFACE 

My apology for adding another book to the lit- 
erature of chemistry, is tiiat I have lived during the 
"New Era," have known well most of the men who 
have been instrumental in bringing it about, and 
have been a student of the three leaders in this 
movement — Van't Hoff, Arrhenius and Ostwald. 

Habbt C. Jones 

BAiirncoBBy^Jimey 1913 
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A NEW ERA m CHEMISTRY 



CHAPTER I 
Condition of Chemistry in 1887 

Thb science of chemistry has not developed 
continuously from the beginning. Some one dis- 
covered a generalization or made a fertile sugges- 
tion, and this guided the experimental work in 
chemistry for quite a period of time. The aim 
was to test the generalization or suggestion in 
question, to see how much truth was contained in 
it, or of how wide-reaching or far-reaching signifi- 
cance it was. 

Then some one woidd annoimce another generaliza- 
tion, and the active chemists of the time would 
turn to the testing of it; and this would often change 
the entire trend of chemical work and chemical 
thought. Examples of this condition of things 
are the periodic system of Mendel^eff and Lothar 
Meyer, and the benzene hypothesis of Eekul4. 

Condition of Inorganic Chemistry before Men' 
deUeff. — During the half century prior to 1869 a 
large number of chemical elements had been dis- 
covered. These had for the most part been isolated 
and thdr properties studied. They had been 
allowed to combine with one another, and the com- 
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position and properties of the various compounds 
formed had been the objects of invest^ation. 

After Dalton proposed the atomic theory, these 
elementary substances were regarded as made up 
of ultimate units or atoms; and one of the leading 
problems of the chemist was to determine the 
relative weights or masses of these atoms. This 
was made possible especially by Avogadro, who 
proposed his hypothesis in 1811. 

It was, however, soon found that one element 
often combines with another element in more than 
one proportion. This led to what appeared to be 
hopeless confusion in the determining of atomic 
weights, by simply analyzing the compounds contain- 
ing the elements in question. If the compound 
contained one atom of one element united with 
one atom of another element, the determination 
of the relative amounts of the two elements in 
the compound would give at once their relative 
atomic weights. 

When, however, one atom of one element com- 
bined with an unknown and indeterminable nimiber 
of atoms of the other element, the problem of 
determining relative atomic weights by chemical 
analysis alone became hopeless. 

It was the Italian chemist, Cannizzaro, who 
showed much later, how the hypothesis of Avogadro 
can be used to solve the problem of the relative 
atomic weights or masses of the chemical atoms. 

The atomic weights of many of the best-known 
chemical elements were worked out with a high 
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degree of accuracy, considering the crudity of the 
methods available for such work at that period, 
especially by Stas. 

Chemists began to study these figures representing 
the relative atomic weights of the atoms. They 
soon came to feel that there is some close relation 
between the atomic weights of the different ele- 
ments and their physical and chemical properties. 
A number of attempts were made to find such a 
relation. 

Hypothesis of Prout. — The most serious and 
meritorious of these was the view advanced by 
Prout in 1815. If the most accurately determined 
atomic weights were expressed in terms of hydrogen 
as one, it was observed by Prout that they are all 
very nearly whole nimibers. This he interpreted 
as due to the fact that all of the elements are made 
up of hydrogen. Their atoms are simply stable 
groups of hydrogen atoms, the number of such atoms 
in the atom of the element in question being expressed 
by the atomic weight of the element in terms of 
hydrogen as one. It was, however, soon found 
that there are elements whose atomic weights are 
not whole numbers in terms of hydrogen as unity, 
but are whole numbers and a half. It was then 
proposed by Marignac to halve the hydrogen atom, 
and consider all of the other atoms as built up of 
half hydrogen atoms. 

Elements were then found whose atomic weights 
were unity and a quarter. It was then proposed to 
quarter the hydrogen atom, and to use this as the 
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fundamental unit of which the atoms of all other 
substances were made. 

Having once begun to divide the hydrogen atom 
the process could be continued indefinitely; and, 
consequently^ the hypothesis of Prout soon fell 
into disrepute. 

We shall see that the difficulty was that they did 
not subdivide the hydrogen atom often enough, or 
they would have been essentially where we are 
today with respect to the ultimate imit of matter. 

The hypothesis of Prout is a generalization of 
great importance in the history of chemistry, whether 
it is rigidly true or not. It was the first compre- 
hensive, rational attempt to correlate atomic weights 
and other physical and chemical properties of the 
elements. 

Periodic System of MendeUeff and Lothar Meyer. — 
The English chemist, Newlands, in 1864^ had at- 
tempted to arrange all of the elem^its in a table in 
the order of their increasing atomic weights, begin- 
ning with hydrogen. He observed that every eighth 
element is related, and arranged the elements 
in groups of eight, whence the so-called '' octaves 
of Newlands." This arrangement, although very 
defective, was important in that it attempted to 
correlate the properties of all of the then known 
elements, and their atomic weights. 

A generalization which fits the facts much better, 
was the periodic system of the Russian, Mendel^eff, 
and the German, Lothar Meyer. Mendel^eff in 

1 Chem. News., 10, 96 (1864); 12, 83 (1865). 
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1869^ published his now famous periodic table of 
the elements, and Lothar Meyer discussed his 
arrangement of the elements, which was essentially 
the same as that of Mendel^eff, in 1870.^ 

This arrangement of the elements in the order of 
their increasing atomic weights* is too familiar to 
require detailed discussion in the present connec- 
tion. When all of the elements are thus arranged 
in groups of seven, the closely allied elements fall in 
the same vertical columns. 

This sjTstem, although full of imperfections, is a 
wonderfully fruitful generalization. The nimiber of 
relations brought out by it is simply legion. Its value 
as a generalization is largely due to its comprehen- 
sive nature. It comprized not only all of the ele- 
ments known when it was proposed, but it contained 
places for many elements unknown at that time. 

Mendel^eff , guided by his generalization, predicted 
the existence of certain elements which have since 
been discovered. He not only predicted the exist- 
ence of the then unknown elements, but from the 
elements in the table to the left and right of the 
unknown element in question, and above and below 
this element, he announced the properties of the 
unknown element. He foresaw not only the 
physical and chemical properties of the element, 
but the composition and properties of the com- 

> Ueb. Ann. SuppL, 8, 133 (1874). 

* Ibid., SuppL, 7, 354 (1870). 

* See author's ''Elements ot Physical Chemistry," 4th edition, 
j^lkhed by the Macmillan Company, N. Y. 
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pounds which it would form with other chemical 
elements. These predictions went even into such 
details as the color and specific gravity of the 
element itself, and the color and specific gravity of 
its compounds. As is well known, a large number 
of these predictions made by Mendel^eff have since 
been verified with surprising accuracy and in in- 
credible detail. A nimiber of the predicted elements 
have been discovered, and have been found to have 
the calculated atomic weights. Their compounds 
have been made, and the properties of these com- 
pounds found to agree with those foreseen for 
them with siui)rising accuracy. 

When a scientific generalization is announced, the 
least that can be expected of it is that it should 
be able to account for all, or nearly all of the facts 
which it is meant to correlate. A generalization is, 
however, of greater value in science when it can, 
in addition, predict the existence of facts then 
unknown and have these facts . subsequently dis- 
covered. The generalization in question then be- 
comes a working hypothesis, as it is rightly termed. 
It suggests new lines of work, and in this way leads 
to the development of the science in question. 

The periodic system of Mendel^eff and Lothar 
Meyer was not only able to account for most of the 
facts of general chemistry, that were known at the 
time it was proposed; but was able to predict new 
and unknown facts, and to have these predictions 
subsequently verified. 

This generalization exercised for a time a domi- 
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nant influence in chemistry for each of the above 
reasons. Before it was proposed, general chemistry 
was a more or less disconnected mass of facts, which 
had been brought to light as the result of nearly a 
century of experimental work. Certain relations 
had been pointed out between certain of these facts. 
These relations were, for the most part, of limited 
scope, and were not of any very fundamental sig- 
nificance. When the periodic system was proposed, 
we had a comprehensive generalization which 
covered the facts of chemistry in general. 

Furthermore, it was a working hypothesis; pre- 
dicting undiscovered facts and suggesting new lines 
of work, which were taken up by both chemists and 
physicists. 

The impression made by the periodic system upon 
chemists, imperfect and defective as this system was, 
was deep-seated. It dominated the thought and 
the work in general chemistry for quite a period 
after it was proposed. It may be said to have been 
the philosophy of general chemistry from the time 
it was announced until 1887; when another sugges- 
tion was made, as we shall see, which shared with 
the periodic system the attention of chemists and 
which is even more important. 

The periodic system, then, converted general 
chemistry from pure empiricism into system; but 
it did not do more than make of chemistry a system- 
atic branch of natural science. It never did, and it 
never could convert chemistry into a branch of 
exact science. 
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Organic Chemistry in 1887.-^ The condition of 
organic chemistry at the end of the period we are 
now considering was, in many respects, analogous 
to that of inorganic. It may be of interest to trace 
very briefly the more important steps in the develop- 
ment of the chemistry of carbon to the point where 
the new era in chemistry found it. 

It is well known that the first organic compound 
was prepared artificially by Wohler in 1828. Am- 
monium cyanate, when allowed to stand, passed 
over spontaneously into urea. 

Four years later, 1832, liebig and Wohler pub- 
lished the results of their joint investigation on the 
radical contained in benzoic acid. They showed 
that benzoic acid, oil of bitter almonds and many of 
its derivations, contained a common group, CtHsO, 
which, unchanged, passed from one of these com- 
pounds to another. This group thus behaved like 
the elements of inorganic chemistry, and they 
called it a compound element, or an organic element. 
Since it occurred in benzoic acid and its derivatives 
they called this radical "Benzoyl." The discovery 
of an organic radical or element was of great im- 
portance, and this discovery dominated carbon 
chemistry for quite a period. 

The next important advance in the chemistry 
of carbon was the discovery of the act of substitu- 
tion. A nimiber of isolated observations had been 
made of what we today know as substitution, but 
it was the French chemist, Diunas,^ in 1834, who 

' Ann. Chim. Fhys. [2], 56, 140 (1834). 
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first called attention to them. Laurent went much 
farther than Dmnas/ and . formulated the rule 
that when say chlorine replaces hydrogen in a com- 
poimd the chlorine takes the place of the hydrogen^ 
and the chlorine substitution product must have 
properties analogous to the original compound. 
This aroused the opposition of Berzelius, whose 
electrochemical theory was apparently threatened 
by the relations between acetic acid and trichlorace- 
tic acid.^ 

Type Theory of Dumas. — A little later, in 1839, 
Dumas transformed the substitution theory into 
the type theory, which referred carbon compounds 
to certain definite and well-known chemical types, 
such as water, ammonia, etc. The fact was pointed 
out by Dumas, that when substitution of one atom 
or group by another takes place, the chemical type 
remains unchanged. He reached this conclusion 
especially from his study of the relations between 
acetic acid and trichloracetic acid. The three posi- 
tive hydrogens are replaced by what was supposed 
to be three negative chlorines, without changing 
the chemical tyi)e of the compound, but also 
without materially altering the properties of the 
compound. 

Work of KehuU. — We now come to the work 
of one who was destined to play a most prominent 
part in the development of the chemistry of carbon — 

> Lieb. Ann., 88, 179, 159 (1840). 

' See aathor's "Elements of Physical Chemistry/' 4th edition^ 
p. 850. (MacmOlan Co.. N. Y.) 

N 
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August Kekul^. Organic chemists had dealt thus 
far chiefly with the radicals or groups which can be 
passed unchanged from one compound to another. 
It was Kekul^ who first arrested attention to the 
now well-known fact that, to have a science of car- 
bon chemistry, we must go beyond or within the 
radicals to the atoms ^ of which they are composed. 
An attempt had already been made by Frankland, 
in 1852, to do the same thing for inorganic chemistry. 
The importance of this step for organic chemistry, 
as we shall see, cannot easily be overestimated. 

The atoms present in these organic radicals 
must be imited, and Kekul^ pointed out in 1859 
that carbon must be regarded as a tetravalent 
element, having the power of combining with four 
hydrogen atoms, four chlorine atoms, or four imi- 
valent atoms in general; and further, that a carbon 
atom has the power of combining with another 
carbon atom. This led to the so-called ''linking of 
carbon atoms." If two carbon atoms combine, one 
combining unit of one combines with one combining 
imit of the other. Two such carbon atoms would, 
therefore, have six remaining combining units — 
would be hexavalent. From this fundamental con- 
ception Kekul6 was able to work out the constitu- 
tion of the aliphatic carbon compounds, essentially 
as it is today. A much greater work, however, 
remained for Kekul^ to do. There was a class of 
carbon compounds occurring in the natural oils 
which had a strong odor, and from this they were 

i lieb. Ann., 104, 129 (1857). 
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called aromatic compounds. These compounds con- 
tained more carbon than the corresponding aliphatic 
compounds, and Kekul6 recognized that the sim- 
plest of them contain at least six atoms of carbon. 
He pointed out further, that the derivatives of the 
aromatic compounds have this in common; the 
chief product formed has at least six atoms of 
carbon. 

Said Kekul6, ''These facts justify the conclusion 
that in all aromatic substances there is one and 
the same atomic grouping, or, if you will, a common 
kernel, which consists of six carbon atoms." 

A brief paper of foiu1;een pages, dealing with this 
subject, was first published by Kekul6 in the Bulletin 
de la Soci6t6 Chunique [3] 1, 98, (1865), dated Jan- 
uary 27, 1865. A far more comprehensive paper of 
sixty-eight pages appeared shortly after in Liebig's 
Annalen/ on February 6, 1866. In the latter paper 
Kekul4 proposed what has since come to be known 
as his "benzene hypothesis." 

He suggested the two following formulas for 
benzene. Benzene is either a regular hexagon, with 
a carbon and a hydrogen at each solid angle, or 
it is a triangle. 

d 





a 
I Lieb. Ann., 187, 129 (1866). 
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In the first figure^ every carbon and hydrogoi 
would bear the same relation to the molecule. In 
the latter case^ the three carbons at a, c and e would 
bear a different relation to the molecule from the 
three carbons at 6, d and /. The study of the sub- 
stitution products led to the conclusion that three 
carbon atoms in benzene are different from the 
other three, and that, therefore, the second for- 
mula was the more nearly correct. This will be 
recognized to be nothing more nor less than the 
well-known hexagon formula, or the Kekul6 for- 
mula for the constitution of benzene. 




It is difficult to overestimate the importance of this 
suggestion on the subsequent development of carbon 
chemistry. This was not only an hypothesis which 
accounted for the facts then known concerning the 
chemistry of the aromatic compounds, but it was far 
more than this; it was a working hypothesis, sug- 
gesting new lines of work in every direction. The 
result was that it became the dominant thought in 
organic chemistry for quite a period. Indeed, as 
we shall see, until the significance of chemistry in 
three dimensional space was recognized. 

Cdebralion in Honor of KekuWs Benzene Hypothe- 

1 lieb. Ann., 187, 158 (1865). Ibid., 161. 
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n8. — So imix)rtaiit did this suggestion prove to be 
that the German Chemical Society, in 1890, held 
a celebration^ in honor of Keloil^. There were 
present on this occasion a distinguished company 
of chemists. Adolf von Baeyer, Kekul6's oldest 
pupil, and who has subsequently done much work 
on the constitution of benzene, was the prin- 
cipal speaker. He pronounced a eulogium, dis- 
cussed briefly the work on the constitution of 
benzene, and th^ gave place to Kekul6. 

The address of Kekul^ * on this occasion is fasci- 
nating reading, and a few brief passages from it will 
be given. 

''Some one has said that the benzene theory 
appeared like a meteor from the sky. It came 
absolutely new and uninitiated. The hmnan mind 
does not work in this manner. Nothing has ever 
been thought of which is absolutely new, certainly 
not in chemistry." . . . "We can never speak of 
anything being absolutely new. 

''Some one has spoken of genius, and has desig- 
nated the benzene tiieory as the product of genius. 
I have often asked myself the question, What is 
the work of genius? What is genius? Some one 
has said that genius perceives the truth without 
knowing the proof of the truth. It has also been 
said that genius thinks by leaps and boimds. Gen- 
tlemen, the expanding mind does not think by leaps. 
This is not possible.^ 



ss 



1 Ber. d. ohem. Geeell., 28, 1265 (1800). 
« Ihid, 28, 1302 (1800). 
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Kekul6 then gave a brief account of how he dis- 
covered the benzene theory. 

'' During my stay in London I lived for a long time 
in Clapham Road near the Conmions. I frequently 
spent the evening with my friend, Hugo Miiller, in 
Islington, on the other side of that enormous city. 
We talked about many things, but chiefly about our 
beloved chemistry. On one beautiful sunmier day, 
I traveled through the busy streets of that me- 
tropolis in the last onmibus, and as usual rode 
outside on the top of the omnibus. I began to 
dream. The atoms began to play antics before 
mine eyes. I had always seen each Uttle particle 
in motion, but had never before succeeded in deter- 
mining the nature of their motion. That day I 
saw how two smaller ones often united to form a 
pair, how the larger ones seized two of the smaller 
ones, and how the still larger held three and even 
four of the smaller, and how they all moved in 
vortices. I saw how the greater formed a row, and 
how the smaller were drawn along at the ends of 
the chain. I saw what the old master Kopp, my 
honored teacher and friend, pictured in such a 
charming manner in his 'molecular world,' but I 
saw it long before he did. The call of the conductor, 
'Clapham Road,' awaked me from my dreams but 
I spent a part of the night transferring to paper 
at least sketches of each of these dream pictures. 
Thus arose the structure theory. 

' ' The benzene theory had a similar origin. During 
my stay in Ghent, in Belgium, I lived in a fine 
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room on the main street. My work room faced 
on a narrow side street^ which, during the day, had 
no light. This was no disadvantage to a chemist 
who spends all of the days in the laboratory. I sat 
in this room and wrote on my text-book. It did not 
go well. My thought was on other things. I 
tinned my chair to the fireplace and fell half asleep. 
The atoms again played antics before mine eyes. 
Small groups kept themselves modestly in the back- 
ground. My mind's eye, trained by repeated 
sights of a similar kind, now distinguished larger 
forms of various shapes. Long rows united, becom- 
ing much thickened; all in movement snake-like 
twisting and turning. And see, what was that? 
One of the snakes seized his own tail, and thus 
confusedly appeared the picture before mine eyes. 
I awoke as by a flash of lightning. This time 
also I spent the remainder of the night working out 
the consequences of the hypothesis. 

''Gentlemen, if we learn to dream we may find 
out the truth; but let us avoid publishing our 
dreams before they have been tested by the wide- 
awake intelligence.'' 

And this Kekul6 did. His hypothesis had been 
thoroughly tested by many, many wide-awake 
intelligences, in many directions before its origin was 
made public. Indeed, it is a question whether it 
would ever have been made public, had it not led 
to such imix)rtant consequences in the development 
of carbon chemistry. 

Kekul^'s benzene formula may be said to have 
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dominated chemical thought and work for at least 
two decades after it was announced. The number 
of compounds made and studied during this period, 
especi^y in Germany , was enormous; and both 
scientific and industrial chemistry would, conse* 
quently, profit by it. The Eekul^ formula played 
a rdle in carbon chemistry that was somewhat 
analogous to, although not as comprehensive as 
that played by the Mendel^eff-Lothar Meyer 
periodic system in inorganic chemistry. They 
both accounted for most of the facts then known, 
and both of them suggested many new lines of work. 
They both, however, had their limitations. The 
hypothesis of Kekul^ represented benzene as exist- 
ing in two dimensions in space, and must, therefore, 
be regarded as only symbolical. It could not repre- 
sent the actual condition of things in the benzene 
molecule. 

The Kekul^ formula was extremely useful in 
accounting for the facts then known, and in sug- 
gesting new lines of work; but like the periodic 
sjnstem probably did its very greatest service to 
chemistry as a systematizing agent. Before it was 
proposed organic chemistry was a more or less dis- 
connected mass of empirically established facts^ 
whose meaning was, for the most part, not under- 
stood. These generalizations enabled chemists to 
arrange their facts systematically, and to think of 
them intelligently. These two generalizations, dis- 
covered at very nearly the same time, converted, 
the one inorganic, and the other organic chemistry 
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from almost pure empiriciBm into ajn^tem, and this 
was of course a great achievement. 

Beginning of a Science of Chemistry. — It will, 
however, be easily recognized by any thinking man 
of science that a system of chemistry is one thing 
an^ a science of ch^nistry is another; just as the 
making of brick is one thing and the building of 
the brick into a piece of architecture is another. 
The making of the brick is, however, a necessary 
forerunner to the construction of the building. It 
has been just so in chemistry. The period which 
ends about 1887 may be said to have been the 
"fact discovering'' or "brick making'' period. It 
was, of course, very important in itself, and abso- 
lutely essential to tlie subsequent development of a 
science of chemistry. 

It was, however, not a science of chemistry, as 
it IS frequently thought to have been by those who 
have not followed closely the later developments; 
and this is the point upon which it is wished to 
lay stress. 

The "new era" referred to in the title of this 
little volume marks roughly the beginning of the 
transition from a system into a science of chemistry. 

This transition was effected by means of certain 
g^ieralizations, which were discovered for the most 
part between 1865 and 1888. What these generali- 
zations were, by whom discovered, and so far as is 
known, how they were discovered, will now be 
pointed out. It may be said in advance, that, as 
far as is known, they were not revealed in 
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dreams. The nature of most of them precludes 
this possibility. 

The first of these in point of time was the discovery 
of the law of mass action; and the development of 
this conception, which required nearly a century, 
will now be discussed. 



CHAPTER II 
Deyelopment of the Law of Mass Action 

Importance of a Generalizaiion. — I once heard 
Ostwald state in a lecture, that the highest aim of 
scientific research was the discovery of a generali- 
zation or law. This expression created opposition 
at first, but on careful reflection it became obvious 
what Ostwald really meant, and that he was right. 
I had always supposed that the aim of science was 
to discover truth, but it is often impossible to say 
at the time just how much truth there is in any 
given generalization or law. This remains for 
subsequent time to test. The best we can do is to 
discover a general relation to whii^h the facts then 
known conform, and which will, perhaps, predict 
new facts; and then leave it to the future to deter- 
mine whether this generalization is or is not an 
absolute truth. 

If we glance over the history of almost any branch 
of natural science, we will see that what stands out 
prominently are not the individual facts pertaining 
to that science, but the generalizations or laws. 
Take the science of physics, which, from the com- 
paratively simple and continuous nature of the 
phenomena dealt with, has advanced to a true 
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science far more rapidly than chemistry; the land- 
marks in its history are the generalizations or laws. 
We think of the law of gravitation, of the conser- 
vation of energy, the filrst and second laws of 
thermodynamics, etc. 

Most of the so-called laws of nature are not 
absolute truths, but are only approximations hold- 
ing under limited conditions; those mentioned above 
being, however, so far as is known today, exceptions. 
Take the laws of gas pressure; the laws of Boyle, 
Gay-Lussac and possibly even the law of Avogadro. 
When these generalizations were proposed, they 
were supposed to be more generally true than 
subsequent work has shown them to be. In 
science, then, the best we can do is to discover 
generalizations, and leave it to the future to deter- 
mine just how much truth they really contain. 

We shall now trace the development of certain 
generalizations, which have transformed chemistry 
from system into science, and the first of these is 
the law of mass. 

Earlier Views an Mass Action. — The first one 
to recognize clearly the r61e of mass in chemistry 
seems to have been the chemist Wenzel, as early as 

* 

1777. He showed that under certain conditions 
sulphuric acid will replace nitric from its salts, 
while under other conditions nitric acid will replace 
sulphuric acid from sulphates. Wenzel looked into 
the eflfect of the relative quantities of the sub- 
stances reacting on the nature of the reaction, and 
concluded that the concentration of the reacting 
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substaDces condition the nature of the reaction. 
This was very remarkable when we consider that 
this conclusion was reached one hundred and thirty- 
five years ago. 

BerthoUet. — The first to study quantitatively 
the effect of mass on chemistry was the distin- 
guished French chemist of the beginning of the 
nineteenth century^ Berthollet. When Napoleon 
went upon his military expeditions he took with 
him many things besides his army. Among these, 
as a*part of his outfit, were men of science. Upon 
his celebrated Egyptian expedition Napoleon took 
with him Berthollet, and Berthollet's first paper 
upon the effect of mass in chemistry was published 
from Cairo, in 1799. The results of his experi- 
ments and his conclusions were fully stated in 
his great book, ''Essai de Statique Chimique.'' 
Berthollet saw so clearly the effect of mass or quan- 
tity in chemistry, that he was rather inclined in 
his book to exaggerate its importance. The result 
was that his views were not accepted for forty years, 
and in chemical circles were either unknown or 
forgotten and ignored. 

Work of Rose, — The effect of mass on chemical 
activity was again brought to the front by the 
Grerman chemist, Heinrich Rose, in 1842. Rose 
was a good mineralogist as well as a chemist. This 
was possible in his day. He saw in nature a beauti- 
ful illustration of the effect of mass on chemical 
reactions, and pointed it out. The silicates are 
among the most stable chemical comix)unds. They 
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resist ordinary strong acids and bases, at ordinary- 
temperatures, to a remarkable degree. 

Notwithstanding their stability and insolubility 
in water, they are continually undergoing decom- 
Ix)sition in nature; due to the action of the very 
weak acid, carbon dioxide, in the presence of water. 
If we were to treat a stable silicate in the laboratory 
with moist carbon dioxide for a lifetime, we should 
hardly be able to detect the amount of decomposi- 
tion effected and the amount of carbonate formed. 
Yet in nature we have the silicates being trans- 
formed into carbonates all over the surface of the 
globe by the carbon dioxide of the air. This is 
what is usually known as the ''carbonation" of 
the rocks, and is effected by the mass action of the 
carbon dioxide in atmospheric air acting through 
geological epochs. 

This example of the effect of mass was so general 
and so striking, that from the time of Rose until the 
present it has never been seriously questioned. 

Dulong^ studied the effect of potassimn carbon- 
ate on barium sulphate, both when the two are fused 
together, and when they are boiled together in an 
aqueous solution of the carbonate. He found that 
the amoimt of barium carbonate formed was pro- 
portional to the amount of potassium carbonate 
present. This same reaction was studied quanti- 
tatively by Heimich Rose,^ and the facts interpreted 
essentially as we interpret them today. ^ 

> Pogg. Ann., [1], 82, 273 (1812). 

> lUd., 94, 481 (1855); 96, 96, 284, 426 (18r5). 
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WUhelmy. — The first to formulate the effect of 
mass on chemistry, for even a smgle reaction, was 
Wilhehny.^ He studied the inversion of cane sugar 
by acids, and showed that the velocity of in- 
version was proportional to the amount of sugar 
present. 

Berthelot and Saint GiUes. — The first elaborate 
quantitative study of the effect of mass on chemical 
reactions was made by another distinguished French 
chemist of a much later date, Berthelot,' and working 
with him was Saint Gilles. It is very difQcult to 
keep separate the names of BerthoUet, who lived 
at the beginning of the nineteenth century, and 
Berthelot, who lived and worked from the middle 
of the century until a few years ago. This con- 
fusion is still further confounded by the fact that 
th^ are both Frenchmen, both are very promi- 
nent chemists, and both wrote books bearing such 
similar titles, as BerthoUet's ''Essai de Statique 
Chimique^' and Berthelot's ''Essai de M^anique 
Chimique.'' Berthelot and Saint Gilles undertook 
an elaborate investigation on the formation of 
esters from organic adds and alcohols. This is 
one of the best reactions in all chemistry with which 
to study the effect of mass. When one equivalent 
of ethyl alcohol is treated with one equivalent of 
acetic acid, the reaction does not proceed to the end; 
indeed, does not approach completion. Equilib- 
rium is reached when two-thirds of the theoretical 

i-Pbgg. Ann., 81, 413 (1850). 

> Ann. Chim. Phys. [3], 66, 110 (1862). 
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amount of ester that could be formed if the reac- 
tion were complete, is formed. By increasing the 
acid relative to the alcohol, or the alcohol relative 
to the acid, the amoimt of ester formed is increased, 
and thus the effect of mass could be followed. This 
reaction is also well adapted to study the effect of 
mass, since the amount of ester formed imder any 
given conditions can be so easily determined. 

Berthelot and Saint Gilles took one equivalent 
of acetic acid and added from two-tenths of an 
equivalent to fifty equivalents of ethyl alcohol. 
The amount of ethyl acetate formed, varied from 
nineteen per cent, when two-tenths of an equivalent 
of alcohol was used, to one hundred per cent when 
fifty equivalents of alcohol were used to one of acetic 
acid. 

This was the best possible experimental verifica- 
tion of the effect of mass on chemical reactions. 
All other conditions remaining the same, the amount 
of ester formed varied from nineteen to one hundred 
per cent, by simply changing the amount of the 
alcohol present. 

One other piece of experimental work will be 
referred to, before taking up the investigation which 
led to the discovery of the law of mass action. 

Pebal and Than. — It had been shown by Pebal 
and by Than that when ammoniiun chloride is 
volatilized, it imdergoes partial decomposition; 
breaking down into ammonia and hydrochloric acid. 
It was further shown that when anunonium chloride 
is converted into vapor in the presence of either 
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ammonia or hydrochloric acid^ the chloride then 
volatilizes without imdergoing decomposition. 

Similar results were obtained with phosphorus 
pentachloride. When volatilized into atmospheric 
air, or into a vacuum, it undergoes partial decomposi- 
tion. When converted into vapor in the presence 
of either of its decomposition products, phosphorus 
trichloride or chlorine, it volatilizes undecomix)sed. 

The question arises, how does either of the decom- 
Ix)8ition products prevent the compound in ques- 
tion from decomposing? Since the decomposition 
of the ammonium chloride and phosphorus penta- 
chloride is a function primarily of temperature, 
these substances at a given temperature will decom- 
pose, no matter what the nature of the atmosphere 
into which they are volatilized. Then, how can the 
presence of a decomposition product have any effect? 
To answer this question we must consider for a 
nuyknent what is meant by chemical equilibrimn. 
^Williamson. — Chemical equilibrium was for a 
long time r^arded as a statical process. A chemical 
reaction proceeded so far and then stopped, and the 
point at which it stopped was the point of equilib- 
rium of the reaction. This is all changed now, due 
to the English chemist, Williamson;^ who from his 
work on the synthesis of ether from alcohol and 
sulphuric acid, showed that we must r^ard chemi- 
cal equilibrium not as a statical, but as a dynamical 
process. A given reaction takes place and produces 
certain products. These products then react with 

^ Lieb. Ann., 77, 37 (1861). 
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one another and reproduce the original substances. 
We have two reactions taking place simultaneously, 
the one being the exact opposite of the other. The 
initial reaction becomes slower and sloi^er as the 
initial substances are used up, and the opposite 
reaction between the products of the first reaction 
becomes faster and faster as more and more of these 
products are formed. The result is that after a 
time these two counter reactions will acquire equal 
velocities, and this is the condition known as chem- 
ical equilibrium. m- 

With this conception in mind we can now return 
to the problem of the effect of either decomposition 
product on the dissociation of, say ammonium 
chloride by temperature. When the salt is vola- 
tilized at a definite temperature it undergoes decom- 
position, regardless of the nature of the atmosphere 
into which its vapor passes. The rate at which 
it decomposes is primarily a function of the tem- 
perature at which the volatilization takes place. 
As soon as some of the ammonium chloride decom- 
poses into ammonia and hydrochloric acid, these 
begin to react with one another and reform am- 
monium chloride. The velocity with which this 
reaction takes place will depend on the amount of 
free ammonia and free hydrochloric acid present. 
If we have already in the atmosphere in which the 
salt is volatilized some free ammonia or some i^|^ 
hydrochloric acid, the reaction involving th# re- 
formation of ammonium chloride will proceed more 
rapidly, and there will, therefore, at any given 
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instant be less of the ammonium chloride decom- 
pcMsed than if there was no excess of ammonia or of 
hydrochloric acid present. If the excess of either 
of the decomposition products is sufficiently great, 
th^ reaction involving the reformation of ammonium 
chloride may be made to have such a velocity, that 
at any given instant there is practically none of the 
ammonium chloride decomposed. 

This illustrates, in a most admirable manner, the 
efifect of mass or quantity on chemical reactions, and 
this is the reason why this subject was introduced 
in this place. By increasing the mass of either of 
the decomix)sition products, we increase the velocity 
of the reaction between the products of the initial 
reaction, until it becomes so great that the initial 
velocity becomes in comparison practically zero — 
the ammonium chloride is reformed practically as 
fast as it decomposes. 

This is one of the most direct illustrations of the 
effect of mass in chemistry, of which it is possible 
to conceive. 

Thus far the effect of mass in chemistry had been 
studied purely empirically. The method was to 
cut and try and see what result was obtained. 
This was, however, to give place at this time to a 
scientific study of the effect of mass on chemistry — 
to. an exact mathematical formulation of its action.^ 

Discovery of (he Law of Mass Action by Gvldberg 
arid Waage. — The Norwegian physicist, Guldberg, 

> See my ''Elements of Physical Chemistry," 4th edition. 
MafimiUan Company, N.Y. 
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and his son-in-law, Waage, the chemist, both in the 
University of Christiania, took up jointly the efifect 
of mass action in chemistry. They studied a 
number of reactions experimentally, a^d found that 
the velocity of a chemical reaction is proportional 
to the masses of the substances reacting; or, what is 
the same thing, is equal to the product of the masses 
of the reacting substances times a constant. This, 
expressed algebraically, would be — representing the 
mass of one of the acting substances by p, and 
the mass of the other by q, and the velocity of 
the reaction by t> — 

in which A; is a constant whose numerical value 
depends upon the chemical nature of the substances 
entering into the reaction. 

This is the law of mass action as applied to the 
velocity of chemical reactions. When applied to 
the equilibrium of reactions the law becomes as 
follows : 

Equilibrium in chemical reactions is the point at 
which the two opposite reactions acquire the same 
velocity. If we represent the velocity of one reac- 
tion as — 

V = pqk 

the velocity of the coimter reaction — 

Vi = pi gi A?i 

in which pi and 91 are the masses of the substances 
formed from the first reaction, now reacting with 
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one another to reform the initial substances; and 
^ is a new constant whose numerical value depends 
upon the nature of the substances in question. The 
condition of equilibrium is when the two opposite 
reactions acquire equal velocities, when 9 » i^. 
Therefore, when 

pqk = piQiki 

and this is the law of mass action applied to the 
equilibrium of chemical reactions. 

Guldberg and Waage published their paper . 
recording their discovery in 1867, Jli the program 
of the University of Christiania for the first half 
of that year; and this is one of the reasons why 
thdr work attracted so little attention when it was 
first published. It was seen by comparatively few. 
There is another reason why it failed at first to make 
an impression. As simple as the law is, it is still 
mathematical, and chemists of the period inunedi- 
ately following 1867 were interested mainly in the 
chemistry of carbon, and this involved but little 
physics, and less mathematics. The result was 
that they did not look with favor on the introduction 
of even simple algebra into chemistry; and the law 
of mass action, as simple and beautiful as it was, 
made but little impression on chemists, or on chem- 
istry for nearly twenty years; when it was taken up 
and applied, as we shall see, by men who saw its 
meaning and its importance for the development 
of a science of chemistry. 

Thus arose one of ^ the fimdamental generaliza- 
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tions upon which the newer developments m chem- 
istry rest; the most remarkable feature of it being 
its extreme simplicity. Like the fundamental laws 
of nature in general, when we have discovered 
them we marvel at their simplicity. 



CHAPTER III 

The Energy Changes that take place in 

Chemical Reactions 

. Chemists First Studied Material Changes. — When 
a chemical reaction takes place there are apparently 
two kinds of changes going on. The matter present 
rearranges itself in new combinations, new com- 
pounds are formed, and there are also changes in 
energy. Heat is always produced or absorbed, 
there is always a thermal change; and light or elec- 
tricity may also be produced, depending on the 
conditions imder which the reaction takes place. 
There are, then, in chemical reactions two kinds of 
changes, changes in matter and changes in energy. 
The first of these to be studied by chemists was the 
material changes, and this was perfectly natural. 
These w^e the most obvious. When certain sub- 
stances were brought together they reacted and 
new compounds resulted. These could easily be 
obtained, analyzed, and their properties studied. 
These new substances were often very important, 
in that they served as the starting-point for the 
production of other substances for use in further 
chemical reactions. These compoimds and those 
that resulted from them, thus often proved to be 
of value both for scientific and industrial chemistry. 
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The result of this earlier work was that chemists 
came to look upon the material transformations 
that take place in chemical reactions as the most 
important side of such transformations. Indeed, 
many of them seemed to have lost sight of any other 
side. This state of mind foimd expression in such 
terms as, chemical reactions are ''accompanied" by 
thermal changes; showing that they regarded the ma- 
terial transformations as the important thing, and 
the energy changes as of subordinate importance. 

We shall see that this is all wrong. To speak of 
chemical reactions being ''accompanied" by ther- 
mal changes, is as much a confusion of cause and 
effect, as to speak of a cart being "accompanied" 
by the horse that draws it. The discovery of this 
fact; that in chemical reactions the energy changes 
are really the important things, and the material 
changes of subordinate importance from the stand- 
point of scientific chemistry, we owe to several men. 
The aim of this chapter is to trace the beginning of 
the development of this conception. 

Work of Jvlius Thomsen on Thermochemistry. — 
Prior to 1850 the energy changes that take place 
whenever a chemical reaction goes on were, as 
aheady stated, practically ignored. It had been 
noted that there is in general a change in the tem- 
peratiu^e of substances wh^a they react. The 
reacting substances usually become warm, and in 
some cases, very hot. In other cases heat is taken 
up when substances enter into chemical reaction. 
It had been observed by the great Frenchman, 
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Laplace, working with Lavoisier; that the amount 
of heat required to decompose a chemical compound 
into its constituents, was exactly equal to that which 
is given out when these constituents imite and 
form that compoimd. This conclusion, we know 
today, is a necessary consequence of the law of the 
conservation of energy; but at the time of Laplace 
the law of the conservation of ^lergy had not been 
discovered. 

Work of Hess. — Ten years prior to the beginning 
of thermochemical work by Thomsen, Hess ^ had 
shown that the same amoimt of heat is set free in 
any given reaction, whether it takes place in one or 
in several stages. This was a matter of great im- 
portance, smce it enabled chemists to study thermo- 
chemically, a large number of reactions which would 
otherwise have been excluded from such work. 

Hess also made the important observation that 
when dilute solutions of neutral salts are mixed, heat 
is neither evolved nor absorbed, there is no thermal 
change. The meaning of this fact was not seen 
at the time it was discovered. Indeed, it seemed that 
this fact was directly at variance with the view that 
there is a thermal change whenever a chemical 
reaction takes place. We start with two salts, 
say potassium chloride and sodimn nitrate. We 
mix dilute solutions of these two salts, evaporate 
the solution to dryness, and obtain the four salts; 
potassium chloride, potassium nitrate, sodium chlo- 
ride and sodium nitrate. We start with two salts 

1 Pogg. Ann., 60, 385 (1840). 
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and thus obtain four. It seemed certain that a 
chemical reaction had gone on, and yet there was 
no thermal change. 

This observation on the part of Hess gave rise 
to considerable difficulty. It was absolutdy im- 
possible to explain it in terms of anjrthing known 
at that time. The explanation today is perfectly 
simple. When dilute solutions of neutral salts are 
mixed there is no chemical reaction. Everything 
is dissociated before the mixing takes place, and 
everything remains dissociated after the solutions 
are mixed. There is, therefore, no reason why 
there should be any thermal change. The chemical 
reaction takes place when the water is evaporated, 
and then there is a thermal change. The law of 
the thermoneutrality of salts is not only explicable 
in terms of what we know today, but is a necessary 
consequence of our present conceptions. 
,. It was Julius Thomsen in Copenhagen who first 
took up a systematic study of the heat changes that 
manifest themselves when chemical reactions take 
place; and many of our best thermochemical meas- 
urements we owe to Thomsen.^ His was, however, 
the type of mind that delights in accurate experi- 
mental work, and it remained for another to point 
out the most important consequences resulting from 
such works. 

ThemiMhemical Work and Deductions of BertheloL 
— The French chemist, Berthelot, with some of 
whose work we became familiar in the last chapter, 

^ Thermochemiflche Untersuehungen, 4 volumes. 
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b^an his thermochemical investigations in 1865.^ 
The results of his work, and the discussion of them 
were published in 1879, in his well-known ^'Essai 
de M6canique Chimique, Fondle sur la Thermo- 
chemie." 

Berthelot devised a number of forms of calorim- 
eters for measuring the amoimts of heat set free 
in chemical reactions. He also devised the ex- 
plosion bomb for studying the thermochemistry 
of organic reactions. Most reactions between com- 
pounds containing carbon take place slowly, and 
organic reactions thus differ from inorganic. They 
start slowly, often have to be coerced in order that 
they will proceed at all, and then do not go to 
the end. In order that a reaction may be studied 
thermochemically it must proceed quickly to the 
end; otherwise, the heat that is given out over 
any considerable interval of time would be largely 
lost by radiation. 

Most organic compounds combine with oxygen, 
but slowly when heated in atmospheric air. When 
heated, however, in the presence of concentrated 
oxygen they combine rapidly with it. Concentrated 
oxygen means oxygen under high pressure, and in 
order to have a gas under high pressure we must 
have a strong-walled containing vessel. Berthelot 
devised his well-known bomb, in which the combus- 
tion of organic compounds would proceed to the 
end at once; and the amount of heat set free could, 
then, be measured in the usual way. 

1 Ann. Chim. Phys. [4], 6, 290 (1865). 
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Berthelot was, however, not the type of mind 
to be limited even to fine esqperimental work. 
Indeed, it is a question whether his thermochemical 
measurements are as accurate as those of Thoms^i. 
Berthelot made thermochemical measurements for 
a definite purpose, and that was to see to what far- 
reaching conclusions they would lead. He was 
looking for a relation between the heat liberated 
in chemical reactions and the direction which the 
reaction would take. He slEkw in the thermal change 
which, before his time, was supposed to '' accom- 
pany" the reaction, the real cause of the reaction. 
He saw in chemistry, and probably for the first time, 
that the study of tiie energy changes which are the 
real cause of all chemical reactions, is the important 
thing, and the ^udy of the material changes is of 
subordinate importance. He saw the true relation 
of cause and effect in chemistry, and let us now see 
what were some of the more important results of 
his investigations. 

r Berthelot, as the general result of his comprehen- 
sive studies, arrived at three principles, which he 
formulates thus.^ The first he calls the Principle 
of Molecular Work, which he formulates as follows: 

''The quantity of heat given out in any reaction 
whatsoever, is a measure of the sum of the chemical 
and physical work done in this reaction.'' His 
second generJEdization, which he calls the 

Principle of the Initial and Final Stale. — "If 
a system of simple or compound substances, under 

^ Eflsai de Mtooiique Chimique, Vol. I, pp. zzviii^xxix. 
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any given conditions, undergoes physical or chemical 
changes capable of producing a new state, without 
producing any mephanical effect external to the 
system; the quantity of heat given out or absorbed 
as the result of these changes depends solely upon 
the initial and final state of the system. It is the 
same whatever the nature and the sequence of the 
intermediate states^" 

The principle for which the thermochemical work 
of Berthelot is better known is what he calls the 

Principle of Maximum Work. — He states this 
principle as follows: ^ ''Every chemical change which 
takes place without the intervention of external en- 
ergy, tends to produce the substance or system of sub- 
stances which evolves the largest amounts of heat.'' 

As a corollary to the principle of maximum work, 
Berthelot announced the following, which he says 
applied to a large number of phenomena. 

''Every chemical reaction which can take place 
without the necessity of preliminary work, and 
which is independ^it of energy extraneous to that 
of the substances present in the system, takes place 
of necessity if it evolves heat." 

The second volume of this work, which is very 
remarkable when we consider the time when it was 
published, deals with two great questions. The 
first half with Chemical Djmamics, the formation 
and decomposition of chemical compoxmds; and 
the second with Chemical Statics, and it is here 
that the law of maximum work is fully discussed. 

^ Eesai de M^canique Chimique, Vol. I, p. ndx. 
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BerthdoVs Chemical Mechanics and Statics. — At 
the b^iiming of the mechanics Berthelot ^ raises 
the question, ''What are the general conditions that 
V control chemical combination and decomposition; 
what systems are stable, what reactions are possible, 
and what are necessary mxder given conditions? 
These are the questions that continually present 
themselves to the chemist, and it is of the greatest 
importance that he should know how to solve them.'' 

''Let it be clearly recognized at the outset that the 
f formulas and the notation in use, express only the 
relative weights of the reacting substances and 
the nature of what produces them, without giving 
us the properties themselves of all of these sub- 
stances, or the forces which are exerted between 
them." 

This is a perfectly clean cut statement of what the 
chemical equations at that time expressed, and what 
they did not express; and shows that Berthelot 
was dissatisfied with them. They left out the 
N) { most important thing, the cause of the reaction, and 
were, therefore, superficial. Berthelot then points 
out that because we ignore these fimdamental facts, 
the science of chemistry was most imperfect; and 
the theories of chemical mechanics do not approach 
in their generality and their certainty the theories 
of celestial mechanics. He then calls attention to 
the importance of thermochemical measiu^ements 
in foimding an exact science of chemistry. 

In his mechanics Berthelot then takes up t^e 

ki de M^canique Chixnique, Vol. II, p. 1. 
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specific problems of chemical combination and 
decomposition, and the conditions of equilibrium 
in homogeneous systems, in heterogeneous systems, 
and in solution. It would lead us beyond the scope 
of this work to discuss these matters any farther 
here. Details in reference to them can be obtained 
from the original work. 

7 It is in the chemical statics that his law of maxi- 
mum work is taken up. After defining his principle 
he says:* "We can conceive of the necessity of 
this principle by observing that the system which 
gives out the largest possible amoimt of heat, does 
not possess the energy necessary to accomplish a 
new transformation. Every new change requires 
the expenditure of work, and this cannot be done 
without the intervention of external energy. A 
system, on the contrary, which can give out more 
heat by further reacting, has in itself the energy 
necessary to effect this change, without the inter- 
vention of external energy." 

We have aheady referred to Berthelot's corollary 
to his law of maTcimum work, which he calls 

Theorem of the Necessity of Reactions. — A large 
number of typical and general cases, to which the 
law of maximum work applies, are then taken up 
and fliscussed. Also a nmnber of apparent and 
real exceptions to this relation. Indeed, Berthelot 
has pointed out the exceptions to his law more 
d^ly than his most ardent critics, and this fact 
seems often to have been forgotten. 

^ Essai de M^canique Chimique, Vol. H, p. 421. 
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In concluding this great work Berthdot says: 
''We have arrived at the end of our undertaking. 
This was to group the problems, and to work out 
the first principles of a new science, more general 
and more abstract than the description of individual 
properties, of the manufacture and transformations 
of chemical species. We have seen what are even 
the laws of these transformations, and we have 
investigated the causes, that is to say, the conditions 
which determine them"; and then in concluding; 
''This work, as limited as it is, is the first step in 
the new direction, which all are invited to assist 
in farthering until the entire science of chemistry 
has been transformed. The end in view is as high 
as this, that chemistry may pass from among the 
descriptive sciences, by connecting its principles 
and its problems with those of the purely physical 
and mechanical sciences. It is approaching more and 
more nearly to this ideal condition." 

Criticism of the Law of Maximum Work. — The 
law of maximum work, or maximum heat evolution, 
thus discovered by Berthelot, has been subjected 
to much and severe adverse criticism. In my 
opinion it has often been unfairly treated. Of 
course it is not a rigid law of nature, it is not 
rigidly true; but no one has recognized this more 
fully than Berthelot himself, and no one has 
pointed out so clearly and comprehensively as he 
has done the apparent and real exceptions to his 
generalization. 

Granting that it does not apply to all chemical 
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reactions, its most violent opponent will admit that 
it does apply to a very large majority of all the 
reactions known to the chemist. Indeed, the 
exceptions as compared with the cases that con- 
form to rule are of minor importance. We must, 
however, not fail to recognize them. 

In judging of the value of this generalization, let^ 
us recall what was our knowledge of the cause of 
chemical reactions when Berthelot b^an his work. 
It was purely empirical and ungeneralized. We did V (^ 
not know of any general relation between chemical / 
activity and any physical property of the reacting 
substances. We did not appreciate, even qualita- 
tively, the meaning of energy changes for chemistry. 
We spoke of chemical reactions being ^' accompanied " 
by thermal changes, as has been said, and what did 
this mean? It mea nt thatjhey entirely misimder; 
stood cau se |uttd effect^ takin£ the latter for the 
^nner. In a word, they had not the remotest 
conception of what really causes chemical combina- 
tion; and they were content to label their lack 
of knowledge by the word chemical ''affinity"; 
which says nothing more than that things react 
because they do. 

This was about the state of mind when Berthelot 
appeared on the scene, and began the study of the 
energy changes that take place whenever we have 
chemical activity, and which cause all chemical 
action. He discovered the law of maximum heat 
evolution, which tells us that of several possible 
reactions between two or more substances, that one 
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will take place which liberates the largest amount 
of heat; and when we examine all chemical reactions 
in terms of this conception we find that they nearly 
all conform to it. 

A moment's thought will show that this generali- 
zatioU; even if not rigidly and universally true, was 
a great step in advance; was a great contribution 
towards converting empiricism and even system into 
science. It connected chemical action with thermal 
change, in a word with its cause; and showed us how, 
under any given conditions, the vast majority of 
chemical reactions will go. Berthelot was the first 
to recognize clearly the importance of the study of 
energy changes, for the foundation and develop- 
ment of a real science of chemistry. His own 
work, and generalizations, which I think have been 
underestimated, and in some quarters very much 
undervalued, contributed in no small measiu*e to 
this end. He turned the attention of chemists 
from the study of material transformations alone 
to the study of their cause; from the relatively 
superficial side of chemical reactions to the scientific 
and much more profound problems of chemical 
science. 

He connected chemical activity in general with 
thermal changes, and thus gave, in my opinion, an 
epoch-making contribution to chemistry. This is 
the reason why the work of this great Frenchman 
has been dwelt upon at some length, in discussing the 
influences and generalizations which have inaugu- 
rated the new era in chemistry. 
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An excellent, although brief account of the life 
and work of Berthelot has recently appeared from 
the pen of Prof. H. B. Dixon ^ of Manchester, 
England. 

1 Joom. Chem. Soc. (London), 99» 2353 (1911). <<-- 
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CHAPTER IV 

Van't Horr, Lb Bbl and Gutb, and the 
Origin of Stebeochebostrt 

Work of VanH Hoff. — It required almost exactly 
a decade after Kekul4 proposed his benzene hypoth- 
esis, for the next important step in the develop- 
ment of carbon chemistry to be taken. A Dutch 
child was bom in Rotterdam in 1852, who was 
destined, at an early age, to exert an influence on 
chemistry as a whole which has never been sur- 
passed, if it has ever been equalled. The son of a 
Dutch physician, Jacobus Henricus Van't Hoff 
was trained in the schools of Rotterdam and Delft, 
and completed his student work at the University 
of Leyden when twenty years old. He then went 
to Bonn to study with Kekul^. His experiences in 
Bonn were unsatisfactory. He could not see that 
the chemistry of Kekul^ really led anywhere, as 
he expressed it, aa far as the building up of a science 
of chemistry was concerned. It was his effort to 
get some clear conceptions of the chemistry of 
carbon that led him to write his book on carbon 
chemistry, '' Ansichten liber die organische Chemie." 
Van't Hoff, when working with Eekul^ in Bonn and 
Wiirtz in Paris, was impressed with the purely 
qualitative nature of organic chemistry at that 
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time. Certain elements or compounds were brought 
together under given conditions, and certain products n ) 
were formed in quantities that varied greatly with 
the conditions; and these quantities were sometimes > 
determined. Certain '^yields" were obtained, as it ^ 
was said. 

At that period little or nothing was done to 
ascertain the velocity with which the reaction in 
question takes place, the nature of the intermediate 
systems formed, or the conditions when equilibriiun 
is reached. He was also impressed by the fact that 
the structural formulae in vogue at that time, 
represented chemical compounds as existing in 
only two dimensions in space, and must, therefore, 
be regarded as only symbolical. They could not 
represent the actual geometrical configurations of 
the molecules they symbolized. 

It was to this last problem that Van't Hoff at ^^ 
first turned his attention — the actual geometrical ( 
configuration of the molecules in space. To a j 
man of less keen insight this must have seemed 
d priori^ an impossible problem. Think of mole- 
cules, their size and complexity, and then think of 
the atom; and it seems impossible ever to determine 
the geometrical arrangement of the atoms in space 
within the molecule. To Van't Hoff this problem, 
as we shall now see, was far from impossible. 

VanH Hoff and the Geometry of Molecules. — The 
facts with which Van't Hoff had to deal were the 
following. Certain compotmds of carbon have the 
property of rotating a beam of polarized light, as 
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it is said. When ordinary light is passed through a 
Nicol prism, all of the ether vibrations are reduced 
to one plane; the vibrations in all other planes 
being cut out by the prism. When light thus 
polarized is passed into a second Nicol prism, the 
plane of polarization is readily determined. The 
apparatus with a polarizing prism and an analyzing 
prism is known as a polariscope. 

When the polarized light, after leaving the polariz- 
ing prism, is passed through certain liquid com- 
pounds of carbon, the plane of the polarized light is 
changed or rotated. Only certain compounds of 
carbon have this property. 

This fact had been known for quite a time, but 
it was Pasteiur who first discovered the real mean- 
ing of this phenomenon. 

Observation of Pasteur. — Pasteur ^ observed that 
when the double sodium anmionium racemate was 
crjrstallized, two kinds of crystals separated from 
the solution. The faces of tiie tetrahedron which 
appeared on some of the crjrstals, differed from those 
that appeared on other crystals. On one set of 
cr}rstals there were the right-handed tetrahedrai 
faces, and on the other set of crystab the left- 
handed. By means of these faces or planes, it was a 
simple matter to separate the crjrstals of this salt into 
two groups; those that contained the right-handed, 
and those that contained the left-handed faces. 

The remarkable fact, however, is this; that when 

' Ann. Chim. Pfays. [3], 24, 442 (1848); 28, 56 (1850); 81, 67 
(1851). 
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the right-handed crystals were dissolved in water, 
their aqueous solution rotated the beam of polarized 
light to the right, and the aqueous solution of the 
left-handed crystals rotated the beam of polarized 
light to the left. The crjrstals thus contained a 
geometrical expression of their behavior towards 
polarized light. 

Pasteur^ obtained the free acids from the salts 
referred to above, and found that the one which 
came from the dextro-rotating salt was dextro- 
rotatory; and the one that came from the laevo- 
rotating salt was laevo-rotatory. From racemic 
acid, which was optically neutral, there were thus 
obtained two optically active acids, one of which 
rotated the beam of polarized light to the right and 
the other rotated the polarized light to the left. 

If racemic acid could be broken down into two 
optically active constituents, then racemic acid 
ought to be reformed if these constituents were 
mixed in the proper proportions. Pasteur mixed 
the two optically active acids, and obtained from 
the solution cryBtals of optically inactive racemic 
acid. Thus, an optically inactive compound was' 
broken down into two optically active constituents, 
and from these constituents the optically inactive 
acid was synthesized. The relations between opti- 
cally inactive racemic acid, and optically active dex- 
tro- and laevo-tartaric acids were thus plainly 
established. 

From this work Pasteur saw clearly that optical 

> Ann. Chim. Fhya. [3], 28, 56 (1850). 
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^1 activity is the expression of some kind of molecular 
^ I asymmetry. He said,^ "An asjnnmetric grouping 
of the atoms, corresponding to an object and its 
image in a mirror, must be present." He pointed 
out that the atoms in the laevo acid must have 
exactly the opposite arrangement to those in the 
dextro acid, and added, "We know, finally, that 
racemic acid is formed by the union of these two 
oppositely asymmetric groupings." 

There is really nothing very remarkable about 
the conclusion that optical activity is caused by 
some kind of asymmetry. It is d priori mcon- 
ceivable that a sjnnmetrical molecule should rotate 
or change the plane of polarization of a beam of 
polarized light. If the molecule was symmetrical, 
whatever the action of one side of the molecule 
on polarized light, the other would be exactly equal 
and opposite; and the algebraic sum of the effects on 
the li^t would be zero. We must, obviously, have 
some kind of asymmetry in the molecule, actually 
to turn the plane of polarization out of the position 
which it had when the light left the polarizing Nicol. 
That Pasteiur had no idea how the molecules were 
asymmetric, or in what the asymmetry consisted, 
is shown from his statement,' "We know, on the one 
hand, that the molecular arrangements of the two 
tartaric acids are asymmetric; and, on the other 

^ RechereheB but la Diasym^trie Mol^oulairei p. 26, in Chemical 
Society Memorial Lectures. See also Pasteur Memorial Lecture 
by Franklaiid, p. 091. 

* FranklaDd: Pasteur Memorial Lecture, p. 091. 
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that these arrangements are absolutely identical, 
excepting that they exhibit asjnnmetry in oppo- 
site directions. Are the atoms of the dextro-acid 
arranged in the form of a right-handed spiral, or 
are they placed at the apex of an irregular tet- 
rahedron, or are they disposed according to this or 
that 983nnmetric arrangement? We do not know.'' 

The discovery of the nature of this asymmetry 
remained for another. 

The Relation Pointed oiUby Le Bel. — Two papers 
are usually referred to as being the foundation >s) 
stones of stereochemistry or chemistry in space. 
One of these was published by the French chemist, 
Le Bel,^ in November, 1874; and the other by the 
yotmg, and at that time imknown Dutchman, 
Van't Hoflf, on September 6, 1874. 

The statement is not infrequently heard, that 
these two men made essentially the same contribu- 
tion to the subject, and almost at the same time. 
Such is not the case. The attempt will be made to 
point out just what each contributed ; and although 
Yan't Hoff's paper appeared a little first in point 
of time, that of Le Bel will be first considered; 
because Van't Hoff went farther than Le Bel, and 
his work requires fuller and more, detailed discussion. 

The paper » by Le Bel bore the title "On the 
Relations which exist between the Atomic Formulas 
of Organic Compounds, and the Rotatory Power 
of their Solutions." Says Le Bel, ''The work of 

> BuU. Soc. Chim. (2] 82, 387 (1874). 

> Ibid., New Series, 22, 337 (1874). 
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Pasteur and several other investigators has shown 
beyond question the correlation between the dis- 
symmetry of the molecules and optical activity. 
If the dissymmetry exists only in the crystalline 
molecule; only the crystal would be active. If, 
on the contrary, it (the dissymmetry) belongs to 
the chemical molecule, it would manifest itself in 
the solution having rotatory power." 

Le Bel then lays down the following fundamental 
principle/ the importance of which we today fully 
recognize. ''Let us think of a molecule of a chemi- 
cal compoimd having the formula MAi. ilf is a 
simple radical or complex combined with four 
monatomic atoms. A, capable of being replaced by 
substitution. Let us replace three of these by 
simple or complex monatomic radicals; all of the 
three substituents bbing diffa*ent from one another 
and, in turn, different from ilf. The substance 
obtained would be asynmietrical. The radicals 
Ry R' R" and A all corresponding to material 
points different from one another, would form an 
object which is not superposable upon its image in 
a mirror; and the remainder of the molecule, ilf, 
would not be able to reestablish the sjnnmetry. 
It may be said, in general, that if a substance is 
derived from the type of compound represented by 
ilf A 4, by substituting the A's by three different 
atoms or radicals, its molecule will be asjnnmetric 
and it will have rotatory power.'' 

We recognize at once that this is essentially the 

1 BuU. Soc. Ghim., New Series, 22, 338 (1874). 
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view of this subject which we hold today. Le Bel 
then points out certain exceptions to this general 
relation, and adds, ''If it should occur that not only 
one substitution furnishes a single derivative, but 
that two and even three substitutions give one and 
the same chemical isomer; we should be obliged to 
admit that the four atoms, A, occupy the fom* 
comers of a r^ular tetrahedron, whose planes of 
symmetry would be identical with those of the mole- 
cule MA 4] in this case no bisubstituted substance 
would possess rotatory power.'' 

Le Bel then gives a number of examples of opti- 
cally active compounds, and shows that they all con- 
tain a carbon atom united with four different atoms 
or groups. Thus, lactic acid has the formula: — 

H 

I 

CH, - C - CO. OH 

I 

HO 

Malic, the formula — 

H 
I 
COOH - CH2 — C - CO. OH 

I 
HO 

Tartaric acid is especially interesting, having the 

constitution — 

H H 

I I 

CO - OH - C C -- CO - OH 

I I 

HO HO 
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We see that it contains not only one asymmetric 
carbon atom, but two. These would have the 
opposite effects upon a beam of polarized light; the 
one-half of the molecule turning it in one direction, 
and the other half turning it by an exactly equal 
amount in the opposite direction. The result 
would be that the substance would be race mic or 
optic ally inactive . A nimiber of other examples of 
optical activity are taken up; amylic alcohol, the 
active variety, having the formula — 

I 
CH, - C - CH,. OH 

I 
H 

Le Bel points out as his last theorem that ''When 
an asymmetric substance is formed in a reaction, 
... we have the formation of the two isomers 
of opposite symmetry, and in the same amounts." ^ 
This he shows is a necessary consequence of the 
mathematics of probabilities. 

Le Bel thus goes much farther than Pasteur had 
gone. He not only shows that optical activity is 
the expression of asymmetry, but that this asym- 
metry is of the chemical molecule. He goes still 
farther, and points out the very important relation, 
that all carbon compounds which are optically 
active contain a carbon atom combined with four 
different atoms or groups, which we know today 
to be a practically genend relation. 

1 BuU. Soc Chim., New Series, 22, 346 (1S74). 
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This paper by Le Bel must not only be r^arded 
as important, but as very important. 

VanH Hoff and Stereochemistry. — Van't Hoflf 
returned from Bonn and Paris to Utrecht; and at 
the age of twenty-two obtained the d^ree of Doctor 
of Philosophy. In this same year, that is, when only 
twenty-two years old, he published a pamphlet of 
eleven pages in Dutch, wbich was destined to turn 
the tide of carbon chemistry. It had to do with 
the problem, which, up to that time had appeared 
to be perfectly hopeless, L e., structural formulae 
in space, or chemistry in three dimensions. The 
natiure of this problem has already been referred to. 
This paper was translated into French in the follow- 
ing year (1875), under the title ''La Chimie dans 
TEspace." Two years later it was translated into 
German, the preface having been written by 
Johannes Wislicenus, who was one of the very first 
to see the epoch-making character of this paper. 

A few years ago Van't Hoff stated to the writer, 
that this little brochure gave him as much pleasure to 
look back upon as anything that he had ever writ- 
ten. Let us now see what wa*e the essential fea- 
tures of this paper, published by this Dutch boy who 
had barely entered manhood; which have attracted 
so much attention, and which have exerted such a 
powerful and fruitful influence upon chemistry in 
general, and the chemistry of carbon in particular. 

Van't Hoff pointed out in this pamphlet, as Le 
Bel also did in his, that every optically active sub- 
stance contains a carbon atom in combination with 
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four different atoms or groups. Van't Hoff, how- 
ever, did not stop here. He raised and answered 
the question, What is the actual geometrical con- 
figuration of the chemical molecules themselves — 
What is their shape? 

To obtain data for solving this problem, Van't 
Hoff went back to the work of the chemist Henri 
and others, which showed that methane is a s}rm- 
metrical compound. Let us look for a moment into 
this work. 

Symmetry of Methane. — When one hydrogen of 
methane is replaced by say chlorine, monochlor- 
methane is formed. This being a definite chemical 
compound, has certain well-defined properties which 
characterize it. This chlorine was then removed, 
its place being taken by say the nitro group. One 
of the hydrogen atoms of this mononitromethane 
was then displaced by chlorine. It is obvious that 
the second chlorine had replaced a different hydro- 
gen atom from the first; The hitro group was then 
removed and hydrogen introduced in its stead. 
We thus had a second monochlormethane, in which 
the chlorine had displaced a hydrogen atom dif- 
ferent from that replaced by the chlorine in the 
first monochlormethane. We thus had two mono- 
chlormethanes, obtained by replacing different 
hydrogen atoms in methane by chlorine. The 
important question then was. Do these two mono- 
chlormethanes have the same or different proper- 
ties? A careful study of them showed that they 
had identical properties. 
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In a similar manner, the third and the fourth 
hydrogen atoms in methane could be replaced by 
chlorine, and a third and a fourth monochlor- 
methane obtained. A study of all of these mono- 
chlormethanes showed that they all have the same 
properties; in a word, are all the same substance. 
This proves that the four hydrogen atoms in methane 
all bear the same relation to the molecule. Methane 
is, therefore, a symmetrical compound. 

Shape of a Molecule of Methane. — Methane being 
a symmetrical compoimd the question arose, what 
geometrical configuration or configurations can 
it have? Given a central carbon atom, how can 
four atoms of the same kind — hydrogen, be arranged 
symmetrically about it? As Van't Hoff pointed 
out, there is but one geometrical configuration 
possible in three dimensional space. We are of 
mathematical necessity forced to conclude that 
methane must be represented by the regular tetra- 
hedron. The carbon atom' is at the centre of the 
tetrahedron, and the four hydrogen atoms at the 
foiu* solid angles. This is the only possible figure 
in three dimensions, which would represent one 
central object and foiu* objects of the same kind 
arranged symmetrically about it. We may think 
at first glance that the square fulfills all of the 
above-named conditions; the carbon atom being 
at the centre of the square and the four hydrogen 
atoms at the four comers. A moment's thought 
will show that such is not the case. The square is 
a geometrical figure in two dimensions only. Thus 
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arose the conception of the tetrahedral carbon 
atom. 

The facts which Pasteur had brought to light in 
connection with the optical activity of certain 
carbon compounds must now be accounted for. 
This Van't Hoff did in a most satisfactory manner. 
If the carbon atom at the centre of the tetrahedron 
was in combination with four different atoms or 
groups, then the molecule would be unsymmetrical. 
It is necessary that all four of the atoms or groups 
at the angles of the tetrahedron should be different, 
in order that two such tetrahedra should not be 
superposable. If two of the atoms or groups are 
'i, the same, then two such tetrahedra could be super- 

'^ posed; and they would no longer bear the relation 

to one another of an object and its image in a mirror. 
We thus pass from the theory of the '' tetrahedral 
carbon atom" to that of the asymmetrical tetrar 
hedral carbon atom. 

This theory of Van't Hoff explains the fact which, 
as has already been stated, was pointed out by Le 
Bel ; that in the laboratory we never obtain the pure 
dextro, or the pure laevo form, but always a mixture 
of both in equal quantities. From the mathematics 
of probability, we would get just as many mole^ 
cules having one of the two enentiamorphous con- 
figurations, as have the other; and by synthesis 
alone we should always obtain the racemic form, 
which is in accord with the facts. 

The racemic form, which is a mixtiure of equal 
quantities of the dextro and the laevo forms, can be 
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separated into its two constituents by a number of 
well-known methods. One of these, as we have 
ahready seen in discussing Pasteur's work, is the 
crystallization of certain salts of the acids in ques- 
tion. Another is the use of certain kinds of bac- 
teria, which devour either the dextro or the laevo 
form and leave the other; and there are several 
other methods which it would lead us too far here 
to discuss. The point is that we obtain dextro and 
laevo forms — optically active forms — not as the 
direct result of synthesis, but by the application of 
certain methods to the inactive products of synthesis. 
These facts were all explained by the asymmetrical 
carbon atom theory of Van't Hoflf. 

Stereochemistry of Carbon and other Elements. — 
This suggestion of Van't Hoff almost at once made 
an impression. Chemists saw in it a great advance 
beyond anything that had been proposed up to 
that time. It made possible a chemistry in three 
dimensions in space. The constitutional formulas 
which had been used up to that period, represented 
compounds in only two dimensions, and, at best, 
could be r^arded as only sjrmbolical. Here was 
a conception which made possible the working out 
of the actual geometrical shapes of molecules, and 
the actual positions of the atoms in these molecules. 
Wislicenus, as has already been stated, was one of 
the very first to see the significance of this paper 
by Van't Hoflf; and he was quickly followed by nearly 
all of the younger organic chemists of the time. 
The result was that the main current of organic 
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chemistry was turned by this paper of eleven pages, 
written by the Dutch youth of twenty-two. 

The influence of this work by Van't Hoff on the 
chemistry of carbon, has grown from the time it 
was published to the present. Indeed, the tetra- 
hedron may be regarded as the philosophy of organic 
chemistry from 1874 to the present time. It has 
been the guiding thought in the study of the chem- 
istry of carbon, and has suggested and largely con- 
trolled most of the best work in this field for the last 
thirty-five years. That its influence may be seen 
and appreciated, we need only mention the work of 
Fischer on the sugars, that of Wallach on the 
terpenes, that of Wislicenus, Baeyer, Hantzsch, 
Curtius, and many others. This conception of the 
tetrahedron was, then, of epoch-making importance. 

Kekul6 had converted empiricism in the study of 
carbon into system. Van't Hoff had made possible 
the beginning of a science of organic chemistry. 

This suggestion of Van't Hoff was destined not 
to be limited to the chemistry of carbon. If we 
could work out the stereochemistry of carbon com- 
pounds, why not of the compounds of other ele- 
ments? All chemical compounds must exist in 
three dimensions in space. Why not discover what 
this is for all of the elements, and express the con- 
stitutions of their compounds as they actually are? 
Constitutional formulae would then have a real 
meaning, and not be simply symbolical. 

This was the natural state of mind in connection 
with the broad problem of stereochemistry; but 
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the difficulties encountered in connection with ele- 
ments other than carbon were so much greater than 
with carbon itself, that progress in this field has 
been comparatively slow. The greatest difficulty 
has been to get a definite and certain starting-point. 
What is the fundamental geometrical form for the 
compounds of each of the elements? 

Some progress has, however, been made. Some 
light has probably been thrown on the stereochem- 
istry of nitrogen, especially by the earlier work of 
Hantzsch and Werner; and the splendid experi- 
mental work of Werner^ on the stereochemistry of 
cobalt, platiniun, chromium, iron, etc., is to be 
placed among the most important investigations in 
the field of inorganic chemistry in recent times. 

We can thus gain some idea of the influence of 
Van't Hoff on the future of his chosen science. We 
shall, however, see that much greater things were 
to come from this same brain a dozen years later, in 
laying the foundation for a science of chemistry in 
general. 

The Qualiicdive Suggestion of VanH Hoff Made 
QiumtiUiHve by Guye. — Van't Hoff 's suggestion, as 
important as it was with respect to the power of 
carbon compounds to rotate the beam of polarized 
light, is after all only qualitative. The presence of 
an as3anmetric carbon atom is necessary in order 
that a carbon compound should be optically active. 
Carbon compounds, however, show very different 
optical activity. Some rotate the beam of polarized 

1 Ber. d. chem. Gesell., 40, 15 (1907). 
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light much more than others. Some rotate to the 
right, are dextro-rotatory; and others rotate to the 
left, are laevo-rotatory. It was very desirable that 
a quantitative relation between the asjrmmetiy in 
the case of any given compound in question, and 
its optical activity, should be established. This 
has been done for a number of substances by P. A. 
Guye.^ His hypothesis is stated in his own words. 
''If we admit with Le Bel and Van't Hoff, that the 
valences of carbon are directed towards the four 
comers of a regular tetrahedron, and if we call the 
planes of symmetry of carbon the six planes of sym- 
metry which characterize the compound C R4, it 
is evident that while the carbon remains symniet- 
rical, the centre of gravity of the molecule will 
lie in at least one of the six planes of symmetry; and 
that, on the contrary, this centre of gravity will lie 
without the planes of symmetry when the carbon 
becomes asymmetric. Let us designate the dis- 
stances from the centre of gravity of the molecule 
to each of the planes of symmetry of the carbon, by 
di, d2, ds, d4, ds, and de; the product of these dis- 
tances — 

di X d2 X d, X d4 X de X de 

which I call the jyroduct of asymmetry, remains zero 
so long as carbon is symmetrical (at least one of the 
six factors being zero), and has values different 
from zero when the carbon is unsymmetrical. 
Moreover, if we call these distances + or — , reckoned 

1 Compt. Rend., 110, 714 (1800). 
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from one or the other side of each of the planes of 
symmetry, the product of aaymmetry will be posi- 
tive or negative, according as the number of n^ative 
factors is even or odd. 

''The product of asymmetry would thus serve to 
evaluate the asymmetry of the carbon, and it is 
only natural to suppose that the rotatory power 
will undergo the same changes as this product.'' 

Guye then deduces certain consequences of this 
generalization and subjects these to experimental 
test. 

Testing Quye^s Hypothesis. — "To rectify this 
hyix>ihesis I have deduced certain consequences 
which can be tested experimentally. I will give 
here only three of them. 

I. "Whenever, by substituting one element or 
radical by another, the centre of gravity of the 
molecule remains on the same side of the planes 
of sjmunetry of carbon, the rotatory power of the 
derivative of the original compoimd thus obtained 
by substitution has the same sign as the original 
compound. 

II. "If, by substitution, the centre of gravity of 
the molecule is removed farther from the planes of 
symmetry, the rotatory power of the substituent 
ought to be greater than that of the substance from 
which it was derived. On the contrary, it ought 
U^ be smaller, if the centre of gravity approaches the 
planes of synmietry. 

III. "If by the act of substitution, the centre of 
gravity is displaced from one side of the planes of 
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symmetry to the other, the rotatory power of the 
substituent ought to have a sign opposite to that 
of the original substance." 

The remainder of Guye's first paper is devoted to 
a discussion of results which test his conclusions. 

A far more elaborate paper was published by 
Guye, in 1892,* dealing with the whole subject in 
a broad way; and giving the results of an elaborate 
series of investigations, which test the general correct- 
ness of his hyi)othesis. The first law is well tested 
by the esters of tartaric acid. Tartaric acid itself 
is represented thus — 

COOH 

I 
H - C - OH 

I 
CH(OH) 

COOH 

''Let* us suppose the masses concentrated at the 
four comers of the tetrahedron, ... we see that when 
the hydrogen of COOH is replaced by the groups 
CHj, CsHft, CjHy, C4H9, the centre of gravity of the 
molecule is removed farther from the original planes 
of synunetry. According to the first and second 
principles the esters of dextro-tartaric acid should 
be dextro-rotatory, and the dextro-rotation should 
increase as the mass of the substituting group 
increases. This is in accord with the experimental 
facts." 

1 Ann. Chim. Phys. [6], 2S, 146 (1802). 
s Compt. Rend., 110, 715 (1890). 
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Rotation 
Tartaric acid + ? 

Methyl tartrate + 2.14 
Ethyl tartrate + 7.66 
Propyl tartrate + 12.44 
laopropyl tartrate + 14.89 
Isobutyl tartrate + 19.87 

^* Let us now replace in dextro-tartaric acid the two 
alcoholic hydrogens by the benzoyl radical; we 
would then be substituting OH with a mass of 17, 
by the group OCOCftHs having a mass of 121. The 
centre of gravity of the system would then pass 
from one side to the other of the plane of symmetry 
cutting COOH - OCOCeBU. From our third prin- 
ciple we would expect dibenzoyltartaric add to be 
laevo-rotatory. This is the fact." 

The rotation of dibenzoyltartaric acid is — 117.68. 
Dibenzoyltartaric acid is represented by the for- 
mula — 

COOH 

I 
H - C - (OCOCeHfi) 

I 
CHCOCOCeHfi) 

COOH 

"We^ can replace the H atoms of COOH by the 
radicals CHs, C2H79 CsH?, C4H9. In this act of 
substitution the centre of gravity remains on the 
same side of the plane of symmetry cutting 

1 Compt. Rend., IIQ, 716 (1890). 
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COOH— 0C0C«H4; but approaches more and more 
nearly to it (as the mass of the substituting group 
increases). From the first and second principles 
the esters of dibenzoyltartaric acid should remain 
laevo-rotatory like the acid itself^ but they should 
be less and less rotatory '^ (as the mass of the 
substituent increases). 
The experimental facts confirm this conclusion. 

RotaMon 
Methyl dibenzoyltartrate — 88.78 
Ethyl dibenzoyltartrate - 60.02 
Isobutyl dibenzoyltartrate — 41.95 

"We see that in replacing the groups COCeHs by 
the acetyl groups COCHs, the diacetyltartaric acid 
thus obtained ought to be laevo-rotatory, but less 
laevo-rotatory than dibenzoyltartaric acid; and 
that the methyl ether ought to be still less laevo- 
rotatory; and that when we pass to the ethyl ether, 
the centre of gravity of the molecule passes from 
one side of the plane of symmetry already referred 
to, to the other. The homologous ethers ought to 
be dextro-rotatory." 
The facts are as follows : 

Rotation 
Diacetyltartaric acid — 23.14 

Methyl diacetyltartrate — 14.29 
Ethyl diacetyltartrate + 1.02 

Propyl diacetyltartrate + 6.52 

Isobutyl diacetyltartrate + 10.29 
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Guye^y in this work, showed that his first two 
laws applied to 105 active derivatives in 17 different 
series of active substances. 

There are, however, exceptions to Guye's hypothe- 
sis in the simple form in which it was first proposed. 
This he points out himself. Other factors than the 
masses of the groups, such as their relative positions 
and mutual attractions for one another, must be 
taken into account before we have a complete 
theory of optical activity. 

The hyix>thesis of Guye, while not a complete 
expression of the truth, is very important in that it 
is a successful first attempt to account quantitatively 
for the facts of optical activity, and ev^i in its 
simple form has proved to be of great value. 

1 Ann. Chim. Fhys., Q, 25 (1802). 



CHAPTER V 
The Phase Rule of Willard Gibbs 

A GENERALIZATION was discovered by Willard 
Gibbs/ of Yale, which has played a rdle in the recent 
developments of chemistry. There are still wide 
differences of opinion as to the value of this generali- 
zation for chemistry; and as to its influence on the 
future developments of the science. This is the 
well-known Phase Rule. Gibbs showed how, by 
thermodynamic methods, the conditions of chem- 
ical equilibria can be systematically grouped. 

The three independent variables are concentra- 
tion, pressure, and temperature. 

The Phase Rule expresses the conditions of 
equilibrium in terms of the relation between phases 
and components. Let us first see what is meant 
by a phase, and what by a component. 

Definition of Phase and Component. — By phase 
is meant a homogeneous modification of a substance. 
In a heterogeneous system we always have more 
than one phase present. Take almost any chemical 
element or stable compound. It exists in three 
phases, solid, liquid, and vapor. Take sulphur, it 
exists in four phases, liquid, vapor, and two solid 
phases, and so on. 

^ TraoB. Conn. Acad., 1874-1878. 



PHASE RULE OF WILLARD GIBBS 



67 



While the term component is frequently used to 
mean the constituents (chemical elements and com- 
pounds) present, it is not always so. Those constit- 
uents whose concentration can vary independently 
are components. With these definitions in mind, 
let us now see what the Phase Rule is. 

One Component and Two Phases. — Take first 
the simplest case of heterogeneous equilibrium — a 




temperature 
Fig. 1 



liquid in equilibriiun with its own vapor. Let the 
liquid in question be water, and let us vary the 
temperature and measure the corresponding vapor- 
pressures for the different temperatures. We plot 
the temperatiure-pressure ciurve, and it has the form 
shown in Figure 1. In the r^on to the right and 
below the curve the vapor is the stable phase. 
Li the region to the left and above the ciurve the 
liquid is tixe stable phase. 
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Here we have one component, water, and two 
phases. As we move along the curve, for any given 
temperature the vapor-pressure is fixed. We can 
vary temperature or pressure as we like, but we 
cannot vary both without destroying the equilib- 
rium. This system has, as we say, one d^reeof 
freedom. We can vary either the temperature or 
the pressure, but varying the one we fix the other. 

One Component and Three Phases. — Let us take 
the next more complex system with one component 



E 

i 




TEMPERATURE 
FlO. 2 

and three phases. Let us take the three phases of 
water, solid, Hquid, and vapor. If we plot the 
temperature-pressure diagram for the conditions of 
equilibria between the three phases of water, as we 
did above between the two, the diagram would 
have the form shown in Figure 2. 

Ice would be the stable phase in region I, liquid 
water in region II, and water-vapor in region III. 
The curves represent the conditions of equilibria 
between the three phases of water: 7A, the equilib- 
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riiim between the solid and liquid phases; TB, the 
equilibrium between the liquid and vapor phases; 
and TC, the equilibrium between the vapor and 
the solid phases. 

Where these three curves intersect at the point T, 
we have conditions of interest. T is the point, and 
the only point on the diagram at which the three 
phases of water are all in equilibrium. Since three 
phases are in equiUbrium at this point, it is called 
a triple point. Let us see what are the most striking 
characteristics of a triple point. Here we have one 
component and three phases; how many degrees 
of freedom are represented? There are none. We 
cannot move the point T in any direction without 
destroying the equilibrium; and this illustrates 
one part of the phase rule. We have here one com- 
ponent and three phases, and there is no degree o^ 
freedom represented. To generalize this relation, 
whenever the number of phases exceeds the number 
of components by two, there is no degree of freedom. 

Turning now to the curves: Take the curve TA. 
It expresses the conditions of equilibria between 
solid and liquid water, — between two phases of 
the one component water. How many degrees of 
freedom are represented along this curve? We can 
vary either the temperature or the pressiu*e, but we 
cannot vary both. If we fix one, the other is fixed. 
We have, then, along this curve one degree of free- 
dom. The same is true along the curves TB and 
TC. These are each curves of equiUbrium between 
two phases of water and one component, water 
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itself. We can now generalize this relation. When- 
ever the number of phases exceeds the number of 
components by one, we have one degree of freedom. 
Take, finally, the areas; A T By B T Cy ajxd A T C. 
Within the first, liquid water is the stable phase; 
within the second, water-vapor is stable, and within 
the third, ice or solid water is the stable condition. 
How many degrees of freedom have we within 
any one of these areas? We can vary either the 
temperature or the pressure, provided we keep within 
the area in question, without destroying the equilib- 
rium. We have, then, two d^rees of freedom. 
Within any one of these three areas we have one 
phase and one component. 

Whenever the number of phases equals the nimi- 
ber of components, we have two degrees of freedom. 
Such is the phase rule applied to the three stable 
phases of water and as illustrated by them. 

One Component and Four Phases. — Let us take 
up one more example — the stable phases of the 
element sulphur. Here we have two solid phases. 
This system, therefore, represents one component, 
sulphur, and four phases; vapor, liquid, and two 
solid phases. 

The temperature-pressure diagram is represented 
in Figure 3. This diagram contains a number of 
points of interest. The points 0, J?, and C are all 
triple points; each representing equiUbria between 
three phases. The curves each represent equilibria 
between two phases, and within each area only 
one phase is stable. 
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The Phase Rule admits of ahnost unlimited ex- 
pansion. We can increase the number of com- 
ponents, which would increase the number of phases; 
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and the complexity of the diagrams would thus be 
very greatly increased. 

Again, in plotting the diagrams we are not lim-. 
ited to the two variables, temperature and pres- 
sure. We can vary the temperature, pressure and 
concentration; and then the diagrams occupy three 
dimensions in space — are solid figures. 

An idea of the complexity and beauty of some of 
these diagrams can readily be gained by reference to 
the papers of Schreinemakers and others published in 
recent years in the '^Zeitschrift ftir physikalische 
Chemie." 

It was, as has already been stated, T^Ulard Gibbs 
the American, who discovered the Phase Rule. It 
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was published as part of an elaborate thermo- 
dynamical investigation on heterogeneous equilib- 
ria, in 1878, in a publication that is comparatively 
seldom seen. 

The importance of this work was early recognized 
by Van der Waals, and it was Ostwald who trans- 
lated these papers by Willard Gibbs into German, 
under the title "Thermodynamischen Studien'' 
von Willard Gibbs. From that moment Gibbs' 
fame was world wide. He is one of the greatest 
and most original mathematical physicists that this 
country has ever produced, and one of the great 
mathematical physicists of the world. 

The application of Gibbs' very general equations 
to the conditions of chemical equilibria, we owe 
largely to the Dutchman, Roozeboom; whose inves- 
tigations, in terms of the Phase Rule, iu-e to be 
regarded as among the best. 

The solubility work of Van't Hoflf, after he went 
from Amsterdam to Berlin, on the conditions under 
which the natural salt beds, such as those at Stass- 
furt, were laid down, was expressed in terms of 
the Phase Rule, and is to be regarded as one of 
the most elaborate experimental applications of this 
generalization. 

From what has been said above, we can see what 
the Phase Rule, in its simplest expression, is. The 
question arises. Of what use is it in chemistry? 
There are very different opinions on this question. 
A few see in it the dawn of a new day, not only 
for chemistry, but for natural science in general. 
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If, however, we judge of its future by its past, it is 
fundamentally a convenient and suggestive short- 
hand method of expressing facts already established 
by experiment. The writer is, however, not un- 
mindful of the fact, that from these diagrams new 
relations have been discovered, new compounds 
detected, and through them new work suggested. 

Looking at the Phase Rule in as broad and 
impartial a manner as possible, I am unable to get 
away from the thought that by certain men it has 
been an overridden hobby. 



CHAPTER VI 

Chemical Dtnamics of Van't Hoff and 
Chemical EQxnLiBRiuM of Le Chatelier 

When we were discussing the work of Van't Hoflf, 
which led to the foundation of stereochemistry, 
it was pointed out that when Van't Hoff was a 
student with Kekul^ in Bonn, he became dissatisfied 
with the chemistry of that time. He was impressed 
especially by the fact that chemistry in general, and 
the chemistry of carbon in particular, was largely 
qualitative. Certain things were brought together; 
the reaction took place, and certain end products 
were formed. This to a mind of the type of Van't 
Hoff's was most unsatisfactory. He wanted to 
know not simply what is formed and how much of 
it, when certain substances were brought together 
and reacted; but he wanted to know the details of 
the reaction; how many and what kinds of interme- 
diate products were produced, and especially the 
velocity with which the reaction took place, and the 
conditions of equilibrium when the reaction had 
apparently ceased. It was obvious that such ques- 
tions as these must be solved before we could ever 
hope to have an exact science of chemistry. 

It was this state of mind on the paH of Van't 
Hoff, which led him so early in life to take up the 
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elaborate series of investigations, the results of which 
were published from his laboratory at the University 
of Amsterdam in 1884, under the title ''iStudes de 
Dynamique Chimique." 

About seventeen years before this, the Norwegians 
Guldberg and Waage, as we have seen, discovered 
the law of mass action, and published their dis- 
covery in the aimouncements of the University of 
Christiania for that year. This generalization made 
comparatively little impression upon the chemical 
world for quite a time. This was probably due in 
part to the fact, as has already been stated, that 
the paper had been published in a place which 
would not be seen by many chemists; and partly 
to the fact that the chemists of that period did 
not look favorably upon the introduction of phys- 
ical and mathematical methods into chemistry. 

It was the work of Van't Hoff, just referred to, 
which arrested attention to the importance of the 
study of the velocities of reactions; not only from 
the standpoint of the law of mass action, but es- 
pecially from that of thermodynamics, as Horstmann 
had abready maintained. 

YaiCt Hoff 8 Conception of Chemistry. — Van't 
Hofif's conception of chemistry at this time can 
readily be seen from a few paragraphs taken from 
the ''Introduction'' to his ''Etudes de Dynamique 
Chimique." 

''Progress in general in any science passes through \ 
two distinct phases. At the begiiming all scientific 
research is of a descriptive or systematic kind. 
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T Later it becomes rational or philosophical. It 
has not been otherwise with chemistiy. . . . 

*' Scientific researches, in the first of these phases, 
are limited to collecting and coordinating the 
materials which form the foundation of a science. 
In chemistry they led to the discovery of new sub- 
stances, to the knowledge of thdr chemical com- 
position, and of their properties; with the object of 
enlarging the domain of the science, of assigning to 
each substance a suitable place in the general 
classification, and to be able to distinguish the 
substances from one another. If, in this phase, 
researches were extended to the study of relations 
between the properties of the different substances, 
or to thdr chemical composition, this was solely for 
the purpose of classification. 

'^In the second phase of the development, the 
researches are not limited to collecting and co- 
ordinating the materials, but these pass to the study 
of the causal relations. The initial interest which 
they had in a new substance has now disappeared; 
while the knowledge of its chemical composition and 
of its properties have a much greater value, becom- 
ing the starting-point in the discovery of causal 
relations. The history of every science consists 
' in the evolution of the descriptive period into the 
' ^ rational period." It was Van't Hoff who has done 
more than any one else to effect this transformation 
in chemistry. 

VanH Hoff on Reaction^elocUies. — Van't Hoff, 
in this work, studied reaction velocities from the 
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standpoint of the quantity of reacting substances, 
the effect of temperature, pressure, etc. ; and while 
he used the thermodynamical method rather than 
the simple law of mass action, his work arrested 
attention to the importance of the study of reac- 
tion velocities. 

Van't Hoff did not limit his work to the study of 
the velocities of chemical reactions, but extended it 
to the conditions which obtain when equilibrium is 
reached. 

''Finally, I have occupied myself with chemical 
equilibriiun. Everything which concerns this equi- 
librium is of the deepest interest for the knowledge 
of the chemical transformation. This interest re- 
sults first from the connection between these two 
phenomena pointed out by M. Pfoundler; chemical 
equilibriiun being only the result of two opposite 
transformations. In conclusion, this interest results 
also from the possibility of applying the principles 
of thermodynamics to the questions of chemical 
equilibriiun as indicated by M. Horstmann. It is 
because of these two conditions that chemical 
equilibrium anchors the study of chemical trans- 
formation to as secure a foundation as that of 
thermodynamics. '' 

To the well-known homogeneoTis and heterogeneous 
equilibria, Van't Hoff found it necessary to add a 
third, equUibrium of condensed systems. Van't Hoff 
adds that ''This form of chemical equilibrium is 
intimately related to the physical phenomena of 
fusion and solidification." It seems almost certain 
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that from the study of this third kind of chemical 
equilibrium^ Van't Hoff would have discovered the 
Phase Rule, had it not already been discovered 
a few years earlier by Willard Gibbs. 

Van't Hoff lays considerable stress upon the 
importance of Berthelot's law of maximum work^ 
but thinks we should deal with chemical equilibrium 
from the more rigorous standpoint of thermodynam- 
ics introduced into chemistry by Horstmann. 

''The work ends with the announcement of a 
thermodynamic conclusion, which, susceptible of 
a quantitative interpretation, and corroborated by 
experimental facts, appears to me to have the 
merits of the principle of maximum work, without 
its defects." Van't Hoff then enunciates his prin- 
ciple in the following words: 

"Every equilibrium between two different states 
of matter (systems), by a lowering of the tempera- 
ture is displaced from the side of the one of the 
two systems whose formation develops heat." 
{Principle of mobile equilibrium.) 

Van't Hoff thus threw light on the entire field of 
chemical dynamics and statics, and it is not too much 
to say that all subsequent work in this field has been 
largely influenced by that of the Dutch master. 

We cannot do better in closing the discussion of 
the ''Etudes" than to quote Ostwald's words, taken 
from the brief sketch of the life of Van't Hoff writ- 
ten by hun ^ for the " Jubelband" to Van't Hoff. 

^ Zdt. phys. Chem., SI, XIII and XIV (1899) Jubdband su 
Van't HofiF. 
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''The principle of the fundamental equations for 
kinetics and equilibrium rests essentially on the 
molecular hypothesis^ and mono- di- and trimolec- 
ular reactions were distinguished from one another. 
This took place in opposition to the older formula- 
tions of Guldberg and Waage, in which only the 
active masses in reaction equivalents were taken 
into account. Our investigator thus gave the correct 
bent to the development of the science. . . . 

''The book contains, together with a large num- 
ber of experimental investigations on the different 
problems of chemical dynamics, theoretical develop- 
ments of great significance and fertility. These 
show a new side of the investigator, which has 
subsequently become more and more prominent 
as an original applier of thermodynamics, independ- 
ent of all hypothesis, to chemical problems. 

"In the appUcation of thermodynamics to chemi- 
cal problems he has always shown the hand of a. 
master. As an indication of the breadth of his 
view, and his capacity to see what was essential in 
phenomena, we need mention only the formulation 
of the relation between chemical equilibrium and 
electromotive force; as well as his famous principle 
of mobile equilibrium, which points out the relations 
between the change of the conditions of a system 
and the nature of the processes which are brought 
about by these changes. 

"The effect of the book was similar to that ex- 
pressing his views on stereochemistry. It did not 
follow quickly, but was, therefore, so much the 
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more profound. Investigation today returns again 
and again to the thou^ts which were there de- 
veloped; and the magnitude of the effect which 
it has exercised on the age and on research cannot 
yet be approximately estimated." 

Le Chatelier on Chemical Equilibrium. — An 
investigation which attracted considerable atten* 
tion, but which, in my opinion, is far less widely 
known than it deserves to be, is the '^Recherches Ex- 
p^rimentales et Thtoriques sur les iSquilibres Chim- 
iques" of Le Chatelier. This work was published 
four years after the "ifetudes" of Van't Hoff. 

Le Chatelier recognized clearly that equilibriiun 
in chemistry is amenable to the same laws as in 
physics and in mechanics, which is an important 
step forward for chemistry. Chemical equilibriiun is 
the condition where the oppo&j^te chemical reactions 
that are taking place have the same velocity. This 
is affected by certain external conditions, such as 
temperature, electromotive force, and pressure; 
and by certain internal factors such as the chemical 
nature of the reacting substances, their physical 
state and condensation, which determine the intrin- 
sic energy of the substances. 

These influences obey certain laws which he formu- 
lates as follows: The law of the opposition of action 
and reaction is ^' Every system in chemical equilib- 
rium undergoes, in consequence of a variation of 
one of the factors of equilibrium, a transformation 
in such a sense as to produce a variation of sign 
opposite to that of the factor in question." 
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Effect of Temperature. — The e£Fect of tempera- 
ture Le Chatelier summarizes thus: ''Every eleva- 
tion in temperature produces on a chemical system 
in equilibrium a transformation corresponding to an 
absorption of heat; that is to say, if it takes place, 
produces a lowering of temperature. This law had 
already been announced by Van't Hoff for purely 
chemical phenomena. I have shown that this law 
is much more general than its author had supposed.'^ 
The effect of electricity on chemical equilibrium is 
formulated as follows: ''Every variation of electro- 
motive force produced at one point of a system in 
equilibrium, produces a transformation of the system 
which causes at the point in question a variation 
in the electromotive force having the opposite sign. 

Effect of Pressure. — The effect of changing the 
pressure is strictly analogous to that of changing 
the temperature. "The increase in the pressure 
on a chemical system in equilibrium brings about a 
transformation which tends to diminish the pres- 
sure.'' The effect of condensation, or concentra- 
tion, or quantity Le Chatelier summarizes thus: 

"The variation of the condensation of only one of 
the elements, effects a transformation in the sense 
that a certain quantity of this element disappears, 
which thus diminishes its condensation. This is 
the action of mass, whose applications are so numer- 
ous in all chemistry.'' 

Analogy between Mechanical and Chemical Equir 
lUbfia. — Le Chatelier shows very deaxly the analogy 
between mechanical and chemical equilibria in what 
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he calls the law of equivalence. ''Given a me- 
chanical system in equilibrium, it is possible to 
replace certain parts by other analogous parts, 
without changing the equilibrium. We can replace 
one spring by another spring, or by a weight. These 
different elements in a system are called equivalents. 
Experience has shown that two equivalent elements 
in a system in equiUbrium can be substituted for 
one another without changing the equilibrixun." 

In mechanics this is summarized as follows: 
''Two forces which are equal to a third are equal to 
one another, and conversely.'' 

In chemistry we have this same law. "Two 
elements in a chemical system, which are equivalent, 
that is, which can be substituted for one another 
without changing the state of equilibrium of the 
system, are indeed equivalent in any other chemical 
system; and, moreover, are mutually equivalent if 
they are opposed to one another, and reciprocally." 
Le Chatelier summarizes his study of chemical 
equilibrixun in what he caUs the law of the opposi- 
tion of action and reaction,^ which has already been 
referred to, and which, near the end of his work, 
he formulates in the following words: 

"Every variation of a factor of equilibrium pro- 
duces a transformation of the system which tends 
to make the factor in question undergo a variation 
of sign opposite to that which we have given it. 

"That is to say, every elevation in temperature 
produces a reaction with absorption of heat, every 

^ LeB iSquilibres Chimiques, p. 210. 
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increase in pressure a reaction with diminution in 
volume, and the same with electromotive force.'' 
Le Chatelier, in his ''Les Equilibres Chimiques" 
has thus formulated the laws of chemical equiUbrium. 
In this work he lays great stress upon the anal- 
ogy between chemical processes and mechanical 
processes, between chemical equilibrium and me- 
chanical equilibrium — analogies which are all 
important for chemistry. These analogies are so 
important for chemistry because they are true, and 
because, through their recognition, we are able to 
apply many of the laws of mechanics to chemistry. 
These laws of mechanics are amenable to mathe- 
matical treatment, and as Le Chatelier so clearly 
shows, through the heat changes that take place and 
which cause all chemical reaction, we can introduce 
thermodynamics into chemistry; and this he does 
in this admirable monograph. 

'' Les iSquilibres Chimique '' must then be regarded 
as one of the important factors which led us from 
the old chemistry to the new, from systematic to 
scientific chemistry. 



CHAPTER VII 

The R6iiE of Osmotic Prbssxtbb in the 
Analogy between Solutions and Gases 

Oenerdlizations Diaconered hy VanH Hoff. — We 
now come to the greatest work of that great Dutch 
chemist, Van't Hoflf — his discovery of the relations 
between solutions and gases. This is not only the 
greatest contribution of Van't Hofif to the develop- 
ment of chemical science, but one of the very 
greatest contributions, as we shall see, to chemistry 
in all time. 

It is of interest to see how Van't Hofif, from study- 
ing the problems of chemical reactions and equi- 
librium, should tmm to a property which was then of 
interest chiefly to the botanist — osmotic pressure. 

In 1894 Van't Hofif was invited by the German 
Chemical Society to deliver a lecture on his work on 
the nature of solution. 

Lecture hy VanH Hoff. — The writer, who was then 
studying with Ostwald, had the pleasure of hearing 
that lecture which has since b€KX)me famous, and 
is now referred to simply as Van't Hofif's 1894 
lecture, without any further qualification. There 
sat in the front row Helmholtz, Ostwald, Emil 
Fischer; and a number of other men of science were 
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present, whose names have become household 
words. These mcluded Landolt, Eossel; Jahn, 
Tiemann, Will, Witt, and many others. 

The entrance of Hehnholtz into the lecture room 
made an impression that will not be forgotten. 
Hehnholtz had attended the World's Fair in Chicago, 
and on his retmm home, when disembarking at 
Bremen, had slipped and fallen down the stair- 
way of the ship. He, as is well known, ruptured a 
blood vessel on the head, which at the time nearly 
caused his death from loss of blood. This accident 
probably did result in an earlier death of one of the 
very broadest and most profoimd men of science 
who has ever Uved. 

When Hehnholtz appeared at the top of the lec- 
ture room, Emil Fischer ran and assisted him down 
the steps to a seat in the front row of the hall; the 
greatest physicist of the day aided by the most 
active organic chemist of that period. 

The object in inviting Van't Hoff to lecture in 
Berlin at that time, was to see and hear him with 
the possibility of calling him to that great imiversity. 
His fame had already spread, and the real greatness 
of the man was even then b^inning to be pretty 
fully realized. They wanted him in Berlin for his 
fame and his influence on chemical thought; and 
they wanted to see what manner of man he was 
before extending him a call. 

This was the first time I had ever seen Van't 
Hofif . There arose to speak a slight figure of scarcely 
average height, with long, rather coarse hair, and 
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with an extremely modest demeanor. This, as is 
well known to those who knew Van't Hoff at all 
closely, was one of his most striking characteristics. 
The speaker at first seemed a little nervous, due no 
doubt in part to the character of the audience he 
was facing, and in part to the fact that he probably 
suspected the motive in asking him to lecture in 
Berlin just at that time. Further, at this period in 
Van't Hoff's life he was of a somewhat nervous 
temperament, as I learned a few months later 
when I went to his laboratory to work with him. 
This was certainly due in part at least to the ner- 
vous tension imder which he worked. I recall only 
one other man who worked with such concentra- 
tion, and that is Rowland. Van't Hofif at this 
period not only worked under high tension, but he 
seemed to live imder high tension. When one saw 
him on the street he moved as if on rubber, and 
this kind of living would, in time, of necessity 
react upon the nervous system. It may, on the 
other hand, have been due to his keen nervous 
sensibility, that he was able to work with such 
intensity. 

Van't Hoff had not proceeded far with the lecture, 
when any initial nervousness entirely disappeared, 
and his manner of presentation made a deep and 
lasting impression upon his audience. Let us now 
see how Van't Hoff became acquainted with the 
work of the botanist, Wilhelm Pfeffer, on the 
osmotic pressure of solutions of cane sugar and a 
few other substances. 
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We can see this best from Van't Ho£f's own state- 
ment taken from his 1894 lecture.^ 

^'Yomig as I was^ I desired to know the rela- 
tions between constitution and chemical properties. 
The constitutional formula should be the expres- 
sion of the entire chemical conduct. 

''This was the origin of my 'Ansichten tiber die 
organische Chemie; ' which is not known to you, and 
which is hardly worth knowing. It, however, had 
for me this value, it showed me very clearly an 
existing defect. 

"Let us take an example. As is well known, oxy- 
gen in organic compounds exercises an accelerating 
action on almost all transformations. Oxidation of 
CH4 is more difficult than oxidation of CHsOH, etc. 

''To obtain valuable relations in this field, an 
exact knowledge of reaction velocity is necessary; 
and I, therefore, went over to the study of reaction 
velocity and thus arose my ''Etudes de Dynamique 
Chimique.' 

''Reaction velocity was then the chief aim. 
Chemical equilibrium was, however, a close second. 
Equilibrium, on the one hand, based upon the 
equality of two opposite reactions, and, on the 
other, connected with thermodynamics, gave it a 
firm foundation. 

"You see, to reach my object, I was getting 
farther and farther from it. This often happens. 

"I must go further, for the question of equilib- 
rium was very closely associated with the problem 

> Ber. d. ohem. Geedl., 87, 7 (1894). 
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of aflSnity, and so I took up first the simple phenom- 
enon of aflSnity, which finds expression in the attrac- 
tion of water. 

" Mitscherlich, in his 'Lehrbuch der Chemie' 
(4th edition, 1844, 565) had already discussed the 
question as to the magnitude of the attractive 
force which holds the water of crystallization in 
Glauber salt. He saw a means of measuring it 
in the reduced tension of the water of crystal- 
Uzation. 

''If Glauber salt is introduced into a barometric 
vacum at 9^, the mercury is lowered about 2§ lines 
(5.45 mm.) by the water-vapor that is given off. 
Water itself produces a lowering of 4 lines (8.72 mm.)* 
The aflSnity of sodium sulphate for its water of 
crystallization corresponds, therefore, to the dif- 
ference I7 lines (3.27 mm.), that is about rr of a 
poimd (i^jkg.) per square inch (2.615 cm.'). 

"This value, -whr of an atmosphere, impressed 
me as imexpectedly small, for I had the impression 
that the weakest chemical forces are very great, as 
had appeared to me evident from, for example, 
Helmholtz' Faraday lecture. 

"The question arose, whether in simple cases 
this attraction for water could not be more di- 
rectly measured, and the aqueous solution is the 
simplest thinkable, much simpler than water of 
crjrstallization. 

"Leaving the laboratory with these questions 
in mind I met my colleague De Vries and his wife. 
He was at that time engaged upon osmotic investiga- 
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tioDS, and he acquainted me with the determinations 
made by Pfeffer." ^ 

This was the introduction of Van't Hoff to the 
measurements of the osmotic pressures of solutions 
of a few substances made by the botanist who 
has since become very distinguished; Wilhebn Pf efifer. 
Let us now see what were some of the more interest- 
ing scientific consequences of this meeting. 

Pfeffer had published the results of his measure- 
ments in a monograph; ''Osmotische Untersuchim- 
geU;" in 1877, and to this Van't Hoff now turned. 

Before taking up the relations pointed out by 
Van't Hoff; let us add a few words about osomotic 
pressure and Pfeffer's method of measuring it. 

Pfeffer^ 8 Meaauremerds of Osmotic Pressure. — It 
had long been known that when a solution of one 
concentration is brought in contact with a solu- 
tion of a different concentration; the dissolved sub- 
stance passes over from the more concentrated to 
the more dilute solution. This movement of the 
dissolved substance, in the act of diffusion, must 
be due to the presence of some force which drives 
the substance from the region of greater to the 
region of lesser concentration. This force we call 
osmotic pressure. 

There are a number of methods of demonstrating 
qualitatively the existence of this force. One of 
Uie simplest is to take an animal bladder, fill it with 
a mixture of alcohol and water, tie the neck, and 

^ A much fuller account of this lecture is given in my ''Theory 
dt Eleetrolytic Dissociation/' 3d ed. (Macmillan Company, N. Y.) 
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then plunge the bladder into a vessel containing 
pure water. The water will pass into the bladder; 
the alcohol cannot pass out since the walls of the 
bladder are semipermeable, %.e., will allow water to 
pass through but not alcohol, and the bladder will 
finally burst. 

While it is such a simple matter to demonstrate 
qualitatively the existence of osmotic pressure, it is 
a very diffictdt matter to measure this force quan- 
titatively. If we were limited to the use of natural 
semipermeable membranes, this would be absolutely 
impossible. The force for any appreciable concen- 
tration, is, as we shall see, so great that no natural 
semipermeable membrane could b^in to with- 
stand it. 

Artifi4yial Semipermeable Membranes. — An arti- 
ficial semipermeable membrane was, however, dis- 
covered by Moritz Traube, which enabled Pf eflfer to 
solve the problem of measuring the osmotic pressure 
of dilute solutions. When certain gelatinous sub- 
stances are precipitated in the walls of unglazed 
porcelain cups, they have the property of semiper- 
meability, i.e., of allowing the water to pass through 
them and preventing the passage of the dissolved 
substance. This artificial membrane, being laid 
down upon a resistant support, the wall of the cup, 
can, if properly made, resist very considerable 
pressures, as the work of Pfeffer showed. Such a 
gelatinous substance is copper ferrocyanide. 

If an unglazed porcelain cup is filled with a solu- 
tion of potassium ferrocyanide, and then plunged 
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into a vessel containing a solution of copper sul- 
phate, the f errocyanide will diffuse into the walls of 
the cup from within, and the copper sulphate into 
the walls of the cup from without, and where the 
two solutions meet in the walls, a gelatinous pre- 
cipitate of copper f errocyanide will be formed. 

While this was the general method used by 
Pfeffer in making his cells, the above account gives 
absolutely no idea of the difficulties involved in 
carrying it out. 

The porous cells must be very homogeneous, and 
years were spent by Pfeffer in learning, and then in 
teaching the potters how to make a sufficiently 
homogeneous porcelain to meet the requirements 
of the method. And after satisfactory cups were 
obtained, years more were spent in working out the 
necessary details in connection with the removal of 
air from the walls of the vessels, etc. To gain any 
adequate conception of the difficulties that were 
met and overconie by Pfeffer, his monograph^ 
must be studied. 

With this method Pfeffer succeeded in measuring 
the osmotic pressure of a few dilute solutions of a 
few non electrolytes like cane sugar, and a few 
electrolytes such as potassium nitrate and sulphate. 

What did Van't Hoff do with these data, and what 
did he obtain from them? 

Law of Boyle for Osmotic Pressure. — The first 
relation between Pfeffer's results, which seemed to 
have impressed Van't Hoff, was this. Pfeffer had 

1 Osmotiflehe Untenuchungen, Leipzig (1877). 
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measured the osmotic pressures of solutions of a 
substance like cane sugar^ at different concentrations. 
Van't Hoff noted that the osmotic pressure found 
is proportional to the concentration of the solution. 
This will be seen from the following data, taken 
from Van't Hoff's epoch-making paper ^ in the 
''Zeitschrift ftir physikalische Chemie." * ^^ 

c P ^ 



1% 


535 mm. 


535 


2% 


1016 " 


508 


2.74% 


1618 " 


554 


4.0% 


2082 " 


521 


6.0% 


3075 " 


513 



C is the concentration of the solutions of cane 

sugar, P is the osmotic pressures exerted by them. 

P 

The value of ^ was noted by Van't Hoff to be 

nearly constant, which means that oBmotic pressure 
18 proportional to coricentraiion. 

The same conclusion was confirmed by certain 
measurements of the relative osmotic pressures of 
solutions, carried out by the botanist De Vries, 
who had first made Van't Hoff acquainted with 
the results of Pfeffer's work. 

There does not seem, at first sight, to be any- 
thing very remarkable in the above relation. It 
simply says that if one molecule of cane sugar, in a 
given volume of solution, exerts a certain osmotic 

^ Zeit. phys. Chem., 1, 481 (1887). 

' Translated into Engliah by myself aa a part of Volume IV 
of "Science Memoirs/' edited by Ames, and published by the 
American Book Company. 
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pressure, two molecules under the same conditions 
will exert twice that pressure; in a word, osmotic 
pressure is a linear function of the concentration. 
We know a number of properties of substances 
which are a linear function of one another, and it 
would seem to the average mind examining such a 
relation, as the above, that osmotic pressure was 
simply another of these linear properties. 

Such, however, was not the case to a mind of 
the t3rpe of that of Van't Hoff. He saw far more 
than proportionality or linear fiinction, in the above 
relation. He saw an analogy between this relation 
' and Boyle's law for gases. Boyle's law for gases 
says that the pressure of a gas is proportional to its 
concentration. The above relation for osmotic 
pressure is that the osmotic pressure of a solution 
is proportional to its concentration. The analogy 
is striking, and yet the relation may simply mean 
that both the osmotic pressure of a solution and 
the gas pressure of a gas are linear functions of 
the concentration, and there are many more such 
properties of solutions. 

Van't Hoflf, however, seemed to have suspected 
thus early that the relation in question had a deeper 
significance; that there is some real relation between 
the osmotic pressure of solutions and the gas pres- 
sure of gases. If there is, then other laws of gas 
pressure must apply to ^ the osmotic pressure of 
solutions. Let us see whether they do or do not. 

Law of Gay-Lussac for Osmotic Pressure. — The 
next most obvious law of gas pressure is that of Gay- 



94 A NEW ERA IN CHEMISTRY 

Luasac, or the law that deals with the temperature 
coefficient of gas pressure. Formulated, it is the 
pressure of a gas remaining constant, its volume 
increases ytv for every rise in temperature of one 
degree centigrade; or, volume remaining constant, 
the pressure of a gas increases ttt for every rise in 
temperature of one degree centigrade. It is this 
second formulation which concerns us most in the 
present connection. Does this law, or anything 
analogous to it, hold for the osmotic pressure of 
solutions? 

Pfeffer not only measured the osmotic pressures 
of solutions of cane sugar of different concentrations, 
but the osmotic pressures of a given solution of cane 
sugar at different temperatures; and thus enabled 
Van't Hoff to calculate the temperature coefficient 
of osmotic pressure. 

A solution of cane sugar at 32^ gave an osmotic 
pressure of 544 mm. The osmotic pressure of this 
same solution at 14.15^, calculated on the assumption 
that Gay-Lussac's law held for the osmotic pressure 
of solutions, would be 512 mm. The osmotic 
pressure found was 510 mm. 

A solution of sodium tartrate at 37.3^ had an 
osmotic pressure of 983 mm. The osmotic pressure 
of this same solution at 13.3^, calculated from Gay- 
Lussac's law would be 907 mm. The osmotic pres- 
sure foimd was 908 mm. Other examples calculated 
from Pfeffer's measurements gave still worse agree- 
ment between the calculated and observed osmotic 
pressures; so that from Pfeffer's measurements alone 
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it would still be impossible to say whether Gay- 
Lussac's law holds rigidly for the osmotic pressure 
of solutions. 

This is not surprising when we consider the 
enormous difficulties involved in the simplest meas- 
urement of osmotic pressure. The results of Pfeffer 
are remarkably accurate when we consider the time 
when the work was done. Subsequent work; how- 
ever, with improved cells and methods of meas- 
urement; as we shall see, has shown that Pfeffer's 
results contain very appreciable errors. It is, 
therefore, not surprising that from them alone we 
cannot decide whether Gay-Lussac's law does, or 
does not apply rigidly to the osmotic pressiires of 
solutions. 

Principle of Soret. — An indirect method of 
answering the above question has, however, been 
foimd. If a homogeneous solution is maintained 
throughout at the same temperature it will remain 
homogeneous. If, however, one part is kept warmer 
than the other the equality of concentration will 
soon disappear. The warmer part will become 
more dilute and the colder more concentrated, and 
the magnitude of this difference will depend on the 
difference between the two temperatures at which 
the different parts of the solution are kept. This 
principle, from its discoverer, is known as the prinr 
dple of Soret. 

How can this principle be utilized in connection 
with the problem in hand? 

The reason why the warmer part of the solution 
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becomes more dilute and the colder more concen- 
trated than the original homogeneous solution, is 
because the osmotic pressure of a warm particle is 
greater than that of a colder one. Since osmotic 
pressure is the cause of all diffusion in solution, the 
greater osmotic pressure m the warmer part of the 
tube will drive the dissolved substance over into 
the colder part of the tube, until there is equality of 
osmotic pressure in all parts of the tube. 

If the osmotic pressure of a dissolved particle 
increases with rise in temperature in terms of Gay- 
Lussac's law, then, for any given difference in thq 
temperature of the two parts of the tube, we can cal- 
culate the difference in concentration which should 
exist when equiUbrium has been established by 
diffusion. We can then carry out the experiment 
and see whether the difference in concentration 
f oimd, agrees with that calculated on the assumption 
of Gay-Lussac's law. 

If the calculated and observed values agree, then 
Gay-Lussac's law applies to the osmotic pressure of 
solutions. If they do not agree, then the law does 
not hold. Let us now compare the results of experi- 
ment with those of calculation. 

The results are calculated as follows. From the 
concentration in the colder part, that in the warmer 
was calculated on the assumption that Gay-Lussac's 
law holds, and then the concentration found experi- 
mentally in the warmer part is given. 

A solution of copper sulphate contained 17.332% 
in the part that was cooled to 20"". The part that 
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was wanned to 80^ should contain 14.3%^ while the 
result of experiment was 14.03%. 

Another solution of copper sulphate contained 
in the part cooled to 20°, 29.867%. The part 
warmed to 80^ should have contained 24.8%, 
while the value found experimentally was 23.871%. 

It will be observed that the value found by experi- 
ment is always less than that calculated on the 
assumption that Gay-Lussac's law holds for the 
osmotic pressure of solutions. This means that 
the difference between the concentration of the colder 
and the wanner parts is less than the calculated 
difference. It should, however, be noted that this 
difference is not great. 

Arrhenius subsequently took up the problem. 
From the length of the tube used for holding the 
solution, the difference in temperature of the two 
parts of the solution, and the migration velocities 
of the ions of the salt in question, he was able to 
calculate how long a given system must be allowed 
to stand before equilibrium would be established. 
Arrhenius showed that Soret, even in his later work, 
did not allow his tubes containing the solutions to 
remain, the two parts at the different tempera- 
tures, for a sufficient length of time for equilib- 
lixaa to be established. Furthermore, any mixing 
of the two parts of the solution, due to mechan- 
ical disturbance, would tend to reduce the differ- 
ence in concentration of the colder and the warmer 
parts. 

Later experiments, however, in which the solutions 
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were allowed to stand, the different parts at the 
different temperatures, for a longer period of time; 
and then the colder and the warmer parts analyzed, 
gave results which agreed with those calculated on 
the assumption of Gay-Lussac's law, to within very 
narrow limits of experimental error. We are, there- 
fore, justified in stating today, that Gay-Lussac's 
law applies to the temperature coefficients of os- 
motic pressure. 

Avogadro^a Law Applies to the Osmotic Pressure of 
Sohdions. — The fact that the laws of Boyle and 
Gay-Lussac apply to the osmotic pressures of solu- 
tions, simply shows that the two sets of phenomena 
vary in the same way both with concentration and 
temperature. This proves that the one pressure 
is proportional to the other. It does not throw 
any Ught on the question as to the exact values 
of either pressure, or on the numerical relation 
between the two pressures in question. 

This is after all the more important point. What 
is the actual osmotic pressure of a dissolved particle, 
compared with the gas pressure of a gaseous particle 
moving in the same space as that in which the dis- 
solved particle moves? 

This can be readily tested. Prepare a solution 
of the same concentration as a gas; measure the 
osmotic pressure of the solution, and the gas pressure 
of the gas, and then compare the two results. It 
should be obvious what is meant by the concentra- 
tion of a gas. By concentration of a solution is 
meant the number of dissolved particles in a given 
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volume; by concentration of a gas the number of 
gaseous particles in a given volume of space. 

Van't Hoflf ^ worked out the above relation, by 
comparing the osmotic pressure of a solution of 
cane sugar, taken from Pfeffer's measurements, 
with the gas pressure of hydrogen gas having the 
same concentration as the solution of cane sugar. 
The comparison is given in Van't Ho£f's own 
words. 

''We are deahng in the experiment in question 
with a one per cent solution of cane sugar, that is, 
one prepared by bringing together one part of sugar 
and one hundred parts of water. This solution 
contains one gram of cane sugar in 100.6 c.c. of the 
solution. 

''If we compare the osmotic pressure exerted by 
this solution, with the gas pressure of a gas, say 
hydrogen, which contains just as many molecules 
in 100.6 C.C. as the cane sugar solution in question; 
therefore, ttt grams of hydrogen (CuHasOu - 
342), a striking agreement manifests itself. 

"Since hydrogen under one atmosphere of pres- 
sure and at 0^ weighs per litre 0.8956 grams, and . <!' ^^1 ^ i 
the above named concentration is 0.0581 gram^ per 
litre, we are dealing at 0° with 0.649 atmospheres 
of pressure; and, therefore, at t® with 0.649(1 +0.- 
00367t) . If we give these results along with Pfeffer's 
we would have.*' 

Van't Hoff then tabulates the gas pressures of 
hydrogen gas in one coliunn, and the osmotic pres- 

^ Zdt. i^ys. Chem., 1» 403 (1S97). 
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sures of the same concentrations of cane sugar in 
another column as follows: 



Tampentaie (t) 


Oiinotio PwiMuiii 


0.049(1 +0Un8667t) 


6.8 


0.664 


0.665 


13.7 


0.691 


0.681 


14.2 


0.671 


0.682 


15.5 


0.684 


0.686 


22.0 


0.721 


0.701 


32.0 


0.716 


0.725 


36.0 


0.746 


0.735 



The comparison is thus made over quite a range 
of temperature. Van't Hoflf then adds: "The 
osmotic pressure of a solution of cane sugar measured 
directly, is exactly equal to the gas pressure of a gas 
which contains in a given volume exactly the same 
number of gas molecules as there are molecules of 
cane sugar in the same volume. 

"This relation holds not only for cane sugar but 
for other dissolved substances as invert sugar, 
malic acid, tartaric acid, citric acid, magnesium 
malate, and sulphate, which, from De Vries' phys- 
iological investigations, for equal molecular concen- 
tration of the solutions, show the same osmotic 
pressure." 

Gds Pressure and Osmotic Pressure. — A moment's 
thought will show that this is a very remarkable 
relation. Think of a gas, on the one hand, and a 
solution, on the other. How apparently different 
are these two conditions of matter. In the gas 
the particles are comparatively free to move, and 
ijQove even at ordinary temperatures, with very high 
: .: yelocitie^. A gas has no definite or fixed volume of 
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its own, its volume being determined by the con- 
fining vessel. A gas represents matter in its most 
dilute form. A gas has a large temperature coef- 
ficient of expansion. A solution, on the other 
hand, has a definite volume of its own, which is 
only very slightly changed by change in tempera- 
ture. The particles in a solution move very slowly 
even at devated temperatures. 

Notwithstanding these apparent differences, the 
gas pressure of a gas is exactly equal to the osmotic 
pressure of a solution of the same concentration as 
the gas. 

This relation becomes the more remarkable the 
more we think about it. We know, in t^ms of the 
kinetic theory, the cause of gas pressure. The 
gaseous particles move with high velocities and 
strike the walls of the containing vessel. They 
thus produce what we know as the pressure of a gas. 
The dissolved particles move with very small 
velocities; so small, indeed, that we can never hope 
to have a kinetic theory of osmotic pressure which is 
closely analogous to the kinetic theory of gas pres- 
sure. Indeed, today, we have no satisfactory theory 
to account for osmotic pressure. Yet the two 
pressures are exactly equal. The remarkable char- 
acter of this relation is only exceeded by its im- 
portance, as we shall see. 

VanH Hoff saw the above BeUiHons from a Few 
Imperfect Data. — Attention should be called at 
this point to the character of Van't Hoff's genius. 
The measurements of osmotic pressure by Pfeffer 
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were remarkably accurate, considering the time 
when they were made and the difficulties involved. 
Subsequent work, as we shall see, with improved 
methods has, however, shown that these results 
contain very appreciable errors. Further, the data 
obtained by Pfeffer were very meagre. He had 
measured the osmotic pressures of only a very few 
substances and these over only a limited range of 
conditions. 

From these few and imperfect data Van't Hoff, 
with that insight and foresight which are character- 
istic of the highest order of genius, saw the relations 
between the osmotic pressure of solutions and the gas 
pressure of gases, just discussed. The importance 
of the discovery of this general relation between 
solutions and gases will come out a little later. 
Suffice it to say here that this paper ^ by Van't 
Ho£f of twenty-eight pages is one of the most im- 
portant that has ever been contributed to chemistry.' 
It is a chemical classic, in the highest sense of that 
term. 

It would not be desirable to close the discussion 
of the relations between osmotic pressure and gas 
pressure without referring briefly to the most recent 
and accurate measurements of osmotic pressure. 

Measurementa of Osmotic Pressure by H. N. Morse 
and Coworkers.^ — Some fine experimental work 
has recently been done by H. N. Morse and his 

^ Zeit. phys. Chem., 1, 481 (1887). 

* See Sdenoe Memoirs, vd. FV. Edited by Ames. (American 
Book Company.) ' 

' We should mention espedally Dr. Fraaer and Dr. Holland. 
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collaborators on the osmotic pressure of solutions, 
especially of solutions of cane sugar. It will be 
recalled that Pf effer prepared his semipermeable 
membranes by allowing the two solutions which 
are to form the membrane to diffuse into the walls 
of the unglazed porcelain cup; and where they 
meet on the inside of the innermost wall, the colloi- 
dal membrane was precipitated. 

This is obviously an imperfect method, since dif- 
fusion is a slow process, and because the membrane 
thus formed would not be very compact, would not 
adhere firmly to the inner wall, and would not, 
therefore, withstand high pressure. Pfeffer himself 
had great difficulty in securing good membranes by 
this method, and was never able to prepare a mem- 
brane which would withstand more than a few 
atmospheres pressure. The result was that he was 
never able to measure the osmotic pressure of any- 
thing except very dilute solutions. In the case 
of cane sugar the most concentrated solution which 
he was able to use was only six per cent. 

Morse discovered a method of making semi- 
permeable membranes which proved to be very 
satisfactory. Instead of allowing the solutions 
which were to form the membrane when they came 
together, simply to diffuse into the porous walls 
from the two sides, he drove the ions into the walls 
electrically. He fiUed the porcelain cup with a 
solution of potassiiun ferrocyanide and plimged the 
cup into a solution of copper sulphate. He placed 
the cathode within the cup, and the anode around 
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the cup in the solution of copper sulphate. The 
copper ions moved towards the cathode in the cup, 
i.e., they entered the walls from without. The 
ferrocyanogen ions moved towards the anode, i.e,, 
they entered the walls of the cup from the inner side. 
These two ions met on the inner surface of the 
inner wall and formed the gelatinous, semipermeable 
membrane on the inner porcelain wall. 

The advantage of the electrical method was, that 
by using suitable voltage and amperage, the ions 
could be driven into the wall and made to form 
a compact membrane, which would resist high 
pressure without a rupture. So much for the 
method of making the membranes. 

The preparation of the cells themselves involved 
years of work. To find the proper clays was in 
itself a serious task, and to find the best mixtures 
of these clays involved a large amount of labor. 
Then, the making of the cell so that it would be 
sufficiently fine-grained and of homogeneous texture 
was the work of years. The cup must be just so 
fine-grained that the copper ion would move through 
a given pore in the wall, at the same time that the 
ferrocyanogen anion was just entering the pore 
from the inner side. The membrane would thus be 
formed in the inner wall, just filling the inner ends 
of the fine tubes in the porcelain wall. 

Finally, the closing of the cell so as to withstand 
high pressures, and the proper manometer attach- 
ment, were all matters in which it was necessary to 
overcome many and serious difficulties. 
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The accurate regulation of the temperature of 
large baths was successfully worked out. For 
details in connection with these and other matters 
pertaining to this investigation the original papers 
by Morse and his coworkers must be consulted. 

ReauUs Obtained. — When all of the details had 
been overcome, Morse and his coworkers were able 
to use his method to measure osmotic pressures as 
great as from 20 to 30 atmospheres, with an accuracy 
he believes which extends to the second decimal 
place. The results with cane sugar, from one- 
tenth to normal concentration, and from 0^ to 80^ 
have recently been published.^ 

The data themselves will not be given here; 
since that which concerns us in the present connec- 
tion is not so much the absolute values of osmotic 
pressure, as the relations between the osmotic 
pressures of solutions and the gas pressures of 
gases having the same concentrations as the solu- 
tions. These relations have been calculated from 
the most recent and reliable measurements, and the 
results of the calculation are given in the following 
table. 

The concentrations are expressed in terms of 
weight normal. This calls for some conunent. 
When the solutions were prepared on the so-called 
volume normal * basis, the osmotic pressures were 
not equal to the corresponding gas pressures. When, 

^ Amer. Chem. Joum., 48| 91 (1912). 

* Volume nonnal means a gram molecular weight of the nib- 
stance in a litre of solution. 
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however, a weight normal ^ basis was used the follow- 
ing relations manifested themselves. 

The table contains the ratios of the osmotic 
pressiures found, to the gas pressures of a gas occupy- 
ing the same volume as that of the pure solvent 
present, and at the same temperature. The com- 
parisons are made over a temperature range extend- 
ing from zero to eighty d^rees. 

It will be seen that the ratio between osmotic 
and gas pressures remains practically constant 
from 0^ to 25^; increasing slightly with increase in 
the concentration of the solution. At this tem- 
perature the ratio is not unity, and the increase with 
concentration is probably due to hydration. The 
constancy of the ratio over this range of tempera- 
ture shows that Gay-Lussac's law applies to the 
osmotic pressure of these solutions over the tem- 
perature range in question. There is a range 
inclosed between the heavy lines where the ratio 
in question is not unity, and where it is not constant. 
It is impossible to say whether in this region the 
laws of gas pressure apply rigidly to the osmotic 
pressures of solutions. 

Below the second heavy line the ratio in question 
becomes unity, and remains constant for all the 
concentrations and temperatures thus far studied; 
and it seems probable that it will be unity in all 
the blank spaces when they are fiUed in with the 
results of experiments which are now m progress. 

^ Weight normal solution is a gram molecular weight of the sub- 
stance in a litre of solvent. 
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Within this region we can, therefore, say that the 
laws of Boyle and Gay-Lussac apply rigidly to the 
osmotic pressures of solutions of cane sugar. 

These most recent and accurate experimental 
results, then, confirm in general the conclusions 
reached long ago by Van't HoS in connection with 
the relations between gas pressure and osmotic 
pressure.. And Van't HoS saw these relations from 
a few imperfect measurements of the osmotic pres- 
sure of a few solutions of a very few substances. 

Exceptions to the Above Relatione. — What has 
already been said is the truth, but it is not the 
whole truth. The laws of gas pressure apply to 
the osmotic pressure of solutions of a certain class 
of substances, the non electroljrtes. By non elec- 
trolytes is meant those substances whose aque- 
ous solutions do not conduct the cmrent. These 
include especially the neutral organic compounds, 
i.e., those substances which are not acids, bases, 
nor salts. The non electrolytes will be recognized 
at once to be the less interesting and the less im- 
portant class of compoimds. These are the sub- 
stances that do not react readily. They have to 
be coerced into reacting. When they are made to 
react, the reaction proceeds slowly and does not go 
to the end. They appear to stop reacting while 
there are still some of the free substances present. 
Their reactivity generally manifests itself only 
when there is present some one of another class 
of substances, the electrolytes — and what is an 
electrolyte ? 
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An dectrolyte is a compound, which, in the pres- 
ence of water conducts the electric current, whence 
its name. The electrolytes include all the acids, 
bases, and salts, and these are incomparably the 
most important compounds in all chemistry. Van't 
HoS noted that the electrolytes, and all of the elec- 
trolytes present exceptions to the relations just 
considered. They do not have osmotic pressures 
which obey the laws of gas pressure, but their os- 
motic pressures are always too great in terms of 
these laws. 

Says Yan't Hoff ^ in this connection: ''If we are 
dealing with 'ideal solutions,' we encounter phenom- 
ena which, in reference to the now clear analogy 
between solutions and gases, are to be placed with 
what was earlier called deviations from Avogadro's 
law. For example, the pressure of the vapor of 
ammoniiun chloride was too great in terms of this 
law. Similarly, the osmotic pressure is, in many 
cases, too great. It was shown in the first case 
that we have to do with a breaking down into hydro- 
chloric acid and ammonia. We are led to suspect, 
in such cases in solutions, a similar phenomenon. 
Yet it must be clearly understood that the excep- 
tions of this kind presented by solutions are much 
more numerous, and manifest themselves with sub- 
stances which it is difficult to assume break down in 
the ordinary sense of that term. Most of the salts, 
the strong acids, and bases, in aqueous solutions, 
are exceptions. Therefore, the existence of the 

^ Zeit. phys. Chem., 1, 600 (1887). 
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so-called normal molecular lowering of the freezing- 
pointy and normal molecular lowering of vapor- 
tension was found only when Raoult turned to the 
organic compounds. Here the normal relation was 
nearly always found. It therefore appears bold to 
bring forward an Avogadro's law for solutions, as 
is here done; and I would not have allowed my- 
self to do so, had not Arrhenius suggested to 
me by letter the probability that salts and the 
like are broken down into ions. As a matter of 
fact, so far as investigation has gone, it is solu- 
tions of non electrolytes which obey the law of 
Avogadro. These are not broken down into ions. 
Further experimental work must be done on the 
other solutions, since, from the assumption of 
Arrhenius, we can calculate the deviation from Avo- 
gadro's law from the conductivity.'' 

Yan't HoS thus pointed out clearly the exceptions 
to the relations between osmotic pressure and gas 
pressure which he had discovered, that were pre- 
sented by electrolytes. He was not able to explain 
these exceptions. This was left for Arrhenius. 

Formvlation of Gas Laws as Applied to Osmotic 
Pressure. — Van't Hoff, however, formulated the 
laws of Boyle and Gay-Lussac as applied to solu- 
tions, thus — 

pv ^RT 

p is the osmotic pressure of the solution, « its 
volmne, R is the gas constant, and T the absolute 
temperature. 
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For electrolytes he had to introduce a coefficient 
i, when the above becomes, 

pv ^iRT 

He showed that the coefficient i has the value unity 
for non electrolytes, and was always greater than 
one for electrolytes. 

Here Yan't Hoff left the problem. Let us now 
see what Arrhenius did mth it. 



CHAPTER VIII 

Arrhenius and the Theory of Electrolttic 

Dissociation 

Just about the same time that Van't Hoff dis- 
covered the relations between the osmotic pressure 
of solutions and the gas pressure of gases, there came 
to his laboratory a young Swedish phjrsicist, who 
was destined to exert an influence on chemistry 
which' was little less than revolutionary. This 
young Swede was Svante Arrhenius, who was then 
about twenty-eight years old. 

Arrhenius had already been woildng on the 
problem of the nature of solutions of electrolytes, 
and saw in his own views on this subject a possible 
explanation of the abnormally great value of the 
coefficient i, which manifested itself for electrolytes. 
Electrolytes are substances whose aqueous solu- 
tions conduct the current, and electrolytes are the 
substances which show the abnormally great values 
of the coefficient i, that is, show abnormally great 
osmotic pressures in terms of the laws of gas pres- 
sure. There must, therefore, be some connection 
between the abnormally great osmotic pressures and 
the properties which these solutions have of con- 
ducting electricity. An explanation of the abnor- 
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mal osmotic pressure must also explain the power 
to carry the ciurent. This seems to be about the 
way the problem presented itself to Arrhenius. 

The first step in explaining these osmotic phenom- 
ena waS; then, to consult the literature, and see what 
views had been advanced to account for the phenom- ; 
ena of electrolysis. 

Theories of Electrolysis — Theory of QroWiuss. — 
The first to propose a theory of electrolysis was 
Grotthuss,^ in 1806. The facts that were known 
in connection with the electrolysis of acids, bases, 
and salts, were as follows: Whenever an electric 
current is passed through any one of the above- 
named solutions, oxygen is given off at one pole 
and hydrogen at the other. The question arose, ^ 

where do these gases come from? It was well 
known that it is necessary to add an acid, base, or 
salt to water to make it conduct the current, and it 
was supposed, and rightly, that this was the sole 
function of the electrolyte. The oxygen at the 
anode and the hydrogen at the cathode were sup- 
posed to come from the decomposed water, and in 
the following manner. 

Water consisted of hydrogen and oxygen firmly 
and fixedly imited. An atom of hydrogen once 
united with a given atom of oxygen remained always 
in combination with this same oxygen atom. When 
an electric current was passed through water the 
current first broke down the molecules of water, and 
then caused the hydrogen to separate at one pole 

1 Ann. Chim. Phys. [1]. 68, 54 (1806). 
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and the oxygen to separate at the other. What was 
the mechanism of this process? 

Grotthuss pictured it as follows: Take a molecule 
of water next to the cathode. It was decomposed 
by the current and the hydrogen liberated on the 
cathode. The oxygen which was initially combined 
with this hydrogen to form a molecule of water 
now combines with the hydrogen of the next mole- 
cule of water, and sets another oxygen free from this 
molecule. This combines with the hydrogen of the 
next water molecule, and this continues until the 
anode is reached, when there is left a free atom of 
oxygen which separates at the anode. 

Thus was Grotthuss able to account for the 
phenomena that were then known in connection 
with electrolysis, and his theory held sway for 
about half a century. 

Facts were finally discovered which could not be 
dealt with by the theory of Grotthuss. It was 
foimd that an electric current, which was so weak 
that if passed through water for one hundred and 
fifty years, would liberate only one cubic centimeter 
of electrolytic gas, would still pass through water 
and electrolyze it. Water is one of the most stable 
compounds known to man, shown by the large 
amount of heat that is liberated when it is formed 
from its elements hydrogen and oxygen, and also 
by the fact that such a high temperature (2000^ C.) 
is required to begin decomposing it into its elements. 

It is easy enough to show by calculation that 
such a current as that referred to above could never 
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decompose one molecule of water. Still less could 
it decompose enough to liberate a cubic centimeter 
of electrolytic gas. The theory of Grotthuss, which 
requires the current first to decompose the water 
before it can cause its parts to separate at the 
poles, had, therefore, become untenable, and insuf- 
ficient. It must be supplemented by some su^es- 
tion which would account for these newly discovered 
facts. 

WiUiaimon^s Theory of SolvUon. — The English 
chemist, Williamson,^ proposed a theory of solu- 
tion in 1851, which went so far beyond the facts 
that it bore only a remote relation to them. His 
paper is, however, of great importance in connection 
with the reversible nature of chemical reaction. 
His theory of solution will be very briefly referred to. 

Williamson's paper bears the title '^On the Theory 
of the Formation of Ether,'' and its title gives some 
idea of its contents. Williamson was working on 
the formation of ether by the action of sulphiuic 
acid on ordinary ethyl alcohol. He recognized that 
the action proceeded in two stages, which are the 
reverse of one another. He formulates these two 
stages as follows: ; 

gS04 C»H5^^* 



ftH-o Ho 

> Ueb. Ann., 77, 37 (1851). 
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In this stage of the reaction we have one hydro- 
gen atom of sulphuric acid replaced by the ethyl 
group. 

The second stage of the reaction proceeds as 
follows: 

02^804 g SO4 



C25o S'S'O 



Hfi C% Hi 



6 



Here we have the ethyl group of ethylsulphuric 
acid replaced by hydrogen, refonning sulphmic 
acid, and ordinary ether is produced. 

The important point here is that in the first 
stage of the reaction we have a process going on, 
the replacement of hydrogen by ethyl, which in the 
second stage of the reaction is eacactly reversed, the 
replacement of ethyl by hydrogen. The two reac- 
tions are thus eacactly the reverse of one another. 

Williamson could account for these facts only 
on the assumption that in solution everything is 
broken down into its parts or constituents. Thus, 
sulphuric acid is broken down into hydrogen and the 
group SO4; ethyl alcohol into ethyl and hydroxy!. 
These parts are constantly recombining, and are 
being reformed as the result of decomposition. 
There is a constant exchange of parts going on, and 
from the mathematics of probability we would 
have every possible combination. In this way only 
could Williamson explain such facts as were brought 
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out in connection with the study of the synthesis of 
ordinary ether. 

Williamson, however, went so far beyond the facts 
that there is but little connection between his theory 
and the facts they were meant to explain. His 
theory of solution was unnecessary and exercised 
but Uttle influence. 

Clausius* Theory of Electrolysis. — A theory of 
electrolysis which takes into account the facts 
above referred to, was proposed by the ph3n3icist 
Clausius in 1851.^ A ciurent which is too weak to 
decompose water will still electrolyze it. The current 
must, therefore, find the water already decomposed. 
This seems to have been the guiding thought in the 
mind of Clausius. 

Take, for exanq)le, water. Clausius r^arded its 
constituents as not firmly and fiixedly united, but 
the hydrogen that one instant was in combination 
with a given oxygen atom, the next instant would 
be combined with another oxygen. He looked upon 
the parts of a compound as undergoing a constant 
interchange. The result would be, if we were to 
take an instantaneous photograph of the molecular 
condition in any given compound, we would have 
most of the parts united in molecules; but in addi- 
tion, we would have some free parts present. Take, 
for example, water. We would find most of the 
hydrogens united with oxygen to form molecules of 
water; but, in addition, we would have some free 
hydrogens and some free oxygens. 

> Pogg. Ann., 101, 338 (1861). 



118 A NEW ERA IN CHEMISTRY 

The action upon such a system of the infinitesi- 
mal current referred to above would be simply a 
directing one. The current would not have to 
break down any molecules of water. It would 
find ^'part molecules^' already present, and would 
simply exert a directing influence upon these part 
molecules. 

The essential feature of Clausius' theory then is, 
that in solution we have molecules and parts of 
molecules, and it is these latter which undergo 
electrolysis. 

ArrhenitLS Proposes (he Dissociation Theory. — 
This was the prevailing theory of electrolysis when 
Arrhenius took up the subject. Arrhenius had been 
interested in the electrolysis of solutions some time 
before coming to Van't Hoff's laboratory. Indeed, 
his inaugural dissertation in 1884 was on '' Researches 
on the Galvanic C!onductivity of Electrolytes." The 
first part was on "The Conductivity of Extremely 
Dilute Solutions," and the second p3xt, published 
in the same year, had to do with the "Chemical 
Theory of Electrolytes." 

In 1885 he published a paper on "The Action of 
Fluidity on the Galvanic Conductivity of Electro- 
lytes." 

Arrhenius ^ was therefore just the person to deal 
with such a problem as the one which had confronted 
Van't Hoflf. 

^ Zeit. phys. Chem., 1, 631 (1807). Translated into English by 
the author and published in the Science Memoins edited by Ames, 
vol. IV. American Book Company. 
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The paper by Arrhenius explaming the apparent 
discrepancy to the gas laws presented by electro- 
lytes was published in the same volume of the 
''Zeitschrift ftir physikalische Chemie/' in which 
Van't Hoff's epoch-making paper had appeared. 
The paper in question bears the title, ''On the 
Dissociation of Substances Dissolved in Water." 

Arrhenius, as he says himself, started with the 
view of Clausius, that in solution some of the 
molecules are broken down into parts. The state- 
ment on the part of Clausius is, of coiu'se, only 
qualitative, and Clausius gave us no means of 
making it quantitative. 

The distinctive merit of this paper by Arrhenius 
was that he converted the qualitative suggestion 
of Clausius into a quantitative theory. His own 
words ^ in this connection are given. ''In an earUer X^ 
work, 'On the Galvanic Conductivity of Electro- i 
lytes,' I have designated the molecules whose ions ; 
move independently of one another as active, the ! 
remaining molecules whose ions are firmly com- ' 
bined, as inactive. I have also suggested the prob- 
ability that, at extreme dilution, ail of the inactive 
molecules of an electrolyte are converted into active. 
This assumption lies at the basis of the calculations . 
given below. I have designated by the term activ- 
ity coefficient the relation between the number of . 
the a<;tive molecules, and the sum of the active and . 
inactive molecules. The activity coefficient of an 
electrolyte at infinite dilution is, consequently, 

^ Zdt. phyB. Chem., 1, 632 (18S7). 
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assumed to be equal to unity. For greater concen- 
trations it is less than one^ and can be regarded as 
equal to the relation between the actual molecular 
conductivity of the solution^ and the TnAyiTni ini 
molecular conductivity to which the conductivity of 
the solution in question approaches with increasing 
dilution. This, from principles already stated in my 
i I earlier work, holds for solutions which are not too 

^ concentrated, that is, solutions in which such dis- 
^turbing influences as inner friction, etc., can be left 
^out of account." 

Arrhenius then goes on to calculate the value of 
the coefficient i, on the one hand, from conductivity, 
and on the other, from the lowering of the freezing- 
point of the solvent produced by the dissolved sub- 
stance. He compares the two values of t, obtained 
by these two methods, for a niunber of non electro- 
lytes; and shows that the values obtained by the 
two methods agree, and are always very nearly 
unity. He then compares the values of i as foimd 
by the above two methods for 15 bases, 23 acids, and 
40 salts, and shows throughout a general agree- 
ment between the two values. 

Arrhenius then takes up a nimiber of other lines 
of experimental evidence bearing upon the problem 
in hand, and shows that they all point to the 
correctness of the conclusion, that when acids, 
bases, and salts are dissolved in water, more or 
less of the molecules are broken down into ions, 
the number depending upon the dilution of the 
solution. 
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Thus arose the dissociation theory, and since the 
substances dissociated were electrolytes, their aque- 
ous solutions conducting the current and simul- 
taneously undergoing decomposition, the theory was 
called "The Theory of Electrolytic Dissociation." 

Reception of the DissoddHon Theory. — The theory 
of electrolytic dissociation said that in aqueous 
solution acids, bases, and salts dissociated into 
charged parts or ions, and at high dilution this 
dissociation was complete. Strong acids, bases, 
and most salts, even at very considerable concen- 
tration, were largely broken down into ions. Thus, 
a normal solution of hydrochloric acid or sodium 
hydroxide was dissociated from 80 to 85 per cent, 
but these are the substances which are most active 
chemically. 

The bearing of this theory on chemical activity 
and chemistry in general was most important. 
Tliose substances that are the most active chemically^. 
are the m ^^ji issoci ateds This theory, then, con-1 
nected dissociation and chemical activity. It was \ 
the ions that were the active chemical agents. \\ ^ 

Tl ^p view was sim ply revolutionary. Chemists 
before this time had looked upon the atoms and 
molecules as the units which took part in chemical 
reactions. To be told that molecules are incapable 
of chemical activity, that it is only the charged 
parts or ions as they were termed, that can react, 
was like starting chemistry over again. 

It is not at all surprising that the chemist who 
had been thinking of reactions in terms of atoms 
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during a long lifetime, should have hesitated to wel- 
come the new conception with open arms. Yet the 
evidence for his theory presented in his first paper 
by Arrhenius was so varied and quantitative, that 
the new theory soon had many adherents. It 
quickly acquired the support of Ostwald and Van't 
Hoff, and this gave it the stamp of authority. 

The objections that were at first offered to the 
theory were of two kinds; those based upon a 
lack of familiarity with the theory itself, and with 
the phenomena with which it was meant to deal, and 
these are of no interest to us, or to any one else. 

Then came the objections which were based upon 
an intelligent desire to get at the truth. When chem- 
ists began to think of chemical phenomena in terms 
of the new theory, they encoimtered real difi&cul- 
ties, partly on account of the newness of the theory 
itself. The theory was thus called upon to prove 
itself, as it should be able to do. This kind of 
thoughtful, conservative criticism is always most 
useful in science. It is an antidote for extreme 
radicalism, which is hurtful in science as in every- 
thing else. The result has been that diuing the 
past quarter of a century about every rational objec- 
tion has been offered to the theory of electrolytic 
dissociation that could be thought of. Facts have 
been cited, which, taken at their face value, seemed 
directly at variance with the theory. When these 
supposed facts have been tested by careful experi- 
mental work, they have in practically every case 
been found to be errors. The theory has met the 
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unusually large number of objections unflinchingly; 
and it stands today as one of the comer-stones of 
the modem developments in chemistry. All thi 
considered, it is one of the most important gener- 
alizations that has been reached in chemistry A i)(] 
certainly since the discovery of the law of the 
conservation of mass and the law of the conserva- 
tion of energy. 

This generalization was the outcome, in the hands 
of ArrheniuSy of the discovery by Van't Hoff of the 
relations between solutions and gases, as a means 
of explaining the apparent deviations from these 
relations presented by electroljrtes; and electrolytes, 
acids, bases, and salts, are the most important sub- 
stances from the chemical standpoint. It is these 
substances which give us chemistry. 

Certain Applicatiana of the Disaodatum Theory. — 
It is not intended to present here the various lines 
of evidence bearing upon the theory of electroljrtic 
dissociation. To do so would require ^ volume much 
larger than this entire book, so many and varied 
are these confirmations of this great law. Further, 
it would today be as useless to furnish new evidence 
for the general correctness of the dissociation theory, 
as for the law of gravity, the law of the conservation 
of energy, or the second law of thermodynamics. 

A very few applications of this theory will, how- 
ever, be discussed to show how it correlates facts 
already known, how it predicts the existence of new 
facts which have subsequently been discovered, and 
how it makes possible the placing of the whole 
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science of chemistry upon a good physical and 
mathematical basis. 

Meaning of the Term Add. — Acids have been 
known abnost as long as chemical compounds have 
been studied. They had stable acids and unstable 
acids, weak acids and strong acids. Then the 
question arose^ what is an acid? They soon found 
that acids have certain properties in common. 
They, in general, taste sour. This, however, would 
not do for a scientific definition of this class of 
substances, since in terms of it we could not say that 
hydrocyanic acid was an acid. 

Chemists early began to study the composition 
of acids, to see whether they contained any common 
constituent. It was at first thought that they all 
contain oxygen; and oxygen was, for a long time, 
regarded as the element which is necessary for 
acidity. So firmly and deeply had this idea become 
ingrafted into the minds of chemists, that when 
hydrochloric acid was discovered they said it must 
contain oxygen because it was an acid. They 
could not find the oxygen, but that failed to convince 
the chemists of the time that it was not present. 
An acid without oxygen was to them unthinkable. 
Where was the oxygen in hydrochloric acid? It 
was not in the hydrogen. That was a well-recog- 
nized element. It must, therefore, be in the chlo- 
rine; and chlorine was, for a time, regarded as the 
oxide of an unknown element, which they called 
'^murium,'' whence the name muriatic acid, which 
in commerce still persists. 
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Then, hydrobromic, hydriodic, and hydrofluoric 
acids were discovered; and some of the organic acids, 
and chemists could not find oxygen in any of them. 
Finally, the oxygen acid theory was abandoned. 

Chemists still continued the himt for the conmion 
constituent of all acids, and they soon found it. 
It was hydrc^n, but all compounds containing 
hydrogen are not acids. Take methane and the 
other hydrocarbons; they are not acids. Why this 
difference ; Was not hydrogen hydrogen? K hydro- 
gen in some compounds was acidic why not in all? 

This was a difficult question, and various answers 
were given to it, all of which were about equally 
imsatisfactory. It was said that hydrogen in 
combination with certain elements is acidic, in 
combination with other elements was not acidic. 
Hydrogen in combination with oxygen, as in the 
group COOH, was acidic; and similarly, when in 
combination with the halogens, — chlorine, bro- 
mine, etc. While hydrogen in combination with 
carbon showed no trace of acid properties. 

This was, of course, simply restating the well- 
known facts. It explained nothing. What we 
want to know is why is hydrogen in the one case 
acidic and in the other case not? This question 
they could not touch, and it is obviously the funda- 
mental question. 

In the theory of electrolytic dissociation we have 
the answer, as we shall see. 

Chemists then defined an acid as a compound 
whose hydrogen can be replaced by metals. This 
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definition will not do. PspSS dry ammonia over 
metallic sodium and the compound NH2Na — soda- 
amid — is formed at once by the direct displace- 
ment of one of the hydrogens of ammonia by 
metallic sodium. The above definition of an acid 
forces us to conclude that dry ammonia is an acid. 
Notwithstanding some work which led the investiga- 
tor to the conclusion that ammonia is an acid, I 
think we should hesitate to accept this conclusion. 

Then an acid was defined as a compoimd which 
would neutralize a base, and a base as a compound 
which would neutralize an acid; making the one 
class of substances depend upon the other, and 
then reversing the process and making the second 
depend upon the first. This kind of reasoning was, 
obviously, not scientific. 

We know today what an acid is and can define 
it in a perfectly scientific manner. It is a com- 
pound which, in the presence of a dissociating 
solvent, yields hydrogen ions. Wherever we have 
acidity we have hydrogen ions, and wherever we 
have ^hydrogen ions we have acidity. The two 
terms, acidity and hydrogen ions, are coextensive. 

It may, however, be objected to this definition 
that an acid is an acid only when in the presence of 
a dissociating solvent. Pure, dry, Uquid hydro- 
chloric or sulphuric acid would not be an acid at 
all, because there is no dissociating solvent present 
to produce ions. 

No Undissodated Compound an Add. — Such is 
the fact as abundant experiments have shown. 
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Pure, dry, hydrochloric acid gas, when liquefied, 
does not act on any metal, does not decompose 
carbonates, does not color blue litmus red. Pure, 
dry, hydrochloric acid gas when dissolved in a non- 
dissociating solvent such as dry benzene or chloro- 
form does not have acid properties. It will not 
color blue litmus red. Exactly the same may be 
said about piu'e, dry sulphuric acid. It will not 
color blue litmus red. 

I have seen the following experiment performed. 
Pure, dry sulphuric acid in a tube, and a piece of 
very carefully dried metallic sodium plunged into 
it. The sodium remained suspended in the acid 
just as quiescently as it would in ligroin. In 
performing this experiment the very greatest pre- 
cautions must be taken to dry all of the materials 
used. All ordinary methods of drying are entirely 
insufficient. 

AU of these facts are, then, in perfect accord with 
the theory of electrolytic dissociation, and could 
have been predicted from it. 

We now know why hydrogen in certain compounds 
is acidic when these compounds are dissolved in a 
dissociating solvent; and why hydrogen in other 
compounds is not acidic. From the former the 
hydrogen dissociates as an ion when they are dis- 
solved in a dissociating solvent. From the latter 
it does not dissociate. 

This, however, raises a further question, Why does 
hydrogen dissociate from some compoimds as an 
ion, and not from others? This undoubtedly has 
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to do with the nature of the atoms or groups with 
which it is in combination in the compoimd in ques- 
tion. The advance that the dissociation theory 
makes, even here, is obvious to any one who thinks. 
It is a very different thing to say that the one com- 
pound is an acid and the other is not, because the 
one yields hydrogen ions in solution and the other 
does not; and to say that hydrogen in the one com- 
poimd is acidic because it is combined with a cer- 
tain element, and in the other not acidic because 
it is combined with a certain other element; when 
the fact is that hydrogen while in combination with 
any other element is not acidic. The dissociation 
theory enables us here to take a great step forward, 
and to place the whole subject of acidity upon a 
rational basis. 

Why are Hydrogen Ions ^^Addic^^t — This leads 
us to raise the question, what is meant by "acidic" ? 
It is, in general, true that the hydrogen of acids can 
be replaced, as it is said, by metals. What does this 
mean? When we treat hydrochloric acid with zinc 
the zinc passes into solution and the hydrogen gas 
escapes. What does this really mean? What has 
actually taken place? 

The zinc atoms in the metaUic zinc have taken 
the positive charges from the hydrogen ions, and 
become charged, i.e., zinc ions are soluble and pass 
into solution in the water present. The hydrogen 
ion having lost its charge becomes atomic, and two 
atoms of hydrogen combine and form a molecule of 
hydrogen gas. Molecular hydrogen is only slightly 
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soluble in water, and, tfierefore, escapes from the 
solution. 

A similar act takes place whenever^ a metal 
in general is treated with an acid. The hydrogen 
gives up its charge to the metal, which, taking the 
charge, becomes ionic and dissolves; while the 
hydrogen having lost its charge becomes molecular 
and escapes. Why does the hydrogen ion give up 
its charge to metals? We would suspect that it is 
because the hydrogen ion holds its charge loosely, 
more loosely than the metal, and therefore gives it 
up to the metal. 

We have a means of testing this surmise, with 
which we shall become familiar later when we come 
to consider the work of Le Blanc. This method 
shows that the hydrogen ion does hold its charge 
much less firmly than metals. 

The hydrogen ion, then, has acid properties be- 
cause it holds its charge loosely, and the importance 
of this fact for chemistry it is difficult to overesti- 
mate. Did hydrogen hold its charge as firmly 
as an average metal, acids would not be acids. 
They would not act on metals at all, and the whole 
subject of chemistry would thus be greatly changed. 
Hydrogen chloride would then resemble in its prop- 
erties potassiiun or sodium chloride, and we can 
easily see the effect upon our whole science. 

It is worth calling attention to in the present 
connection, that the action of a metal on an acid 

1 In some cases secondary reactions take place, but we need 
not concern ourselves here with them. 
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is a typical and simple act of substitution. Further, 
that this act is purely an electrical one. We shall 
see a little later that all acts of substitution in chem- 
istry are probably purely electrical acts; and just 
what are the relations between the substituted atom 
or group and the substituent was shown by Sir 
J. J. Thomson. 

All of the above facts in connection with acids, 
and many more which space will not allow us to 
consider here, are explained, and for the first time 
by means of the theory of electroljrtic dissociation. 
Without this theory, they would still be only so 
many empirically established, disconnected, and 
meaningless facts. 

Meaning of the Term Base. — The term base was 
defined about as loosely as the term acid before we 
had the theory of electrolytic dissociation. We 
now know what a base is. It is a compoimd which, 
in the presence of a dissociating solvent, yields 
hydroxyl ions. Just as no pure, homogeneous sub- 
stance is an acid, just so no pure, homogeneous 
substance is a base. A compound becomes a base 
only when it is dissociated and dissociated into the 
hydroxyl ion. 

The term hydroxyl ion and base are coextensive. 
Wherever we have hydroxyl ions we have basic 
properties, and wherever we have basic properties 
we have hydroxyl ions. 

The definition of the term base, like the defini- 
tion and meaning of the term acid, we owe to the 
theory of electrolytic dissociation. 



ELECTROLYTIC DISSOCIATION 131 

Constant Heat of NeuiraHzalion of Strong Adda 
and Strong Bases. — It has long been known that 
when a strong acid is brougiht in contact with a 
strong base, the amount of heat set free, if we 
work with comparable quantities of the different 
acids and bases, is a constant. It does not matter 
what the nature of the acid is or what base we use, 
provided they are all strong and the solutions dilute, 
we obtain the same amount of heat in the reaction. 

The explanation of this fact, was, for a long time, 
a matter of difficulty. Indeed, it was impossible. 
When an acid was brought in contact with a base 
and the solution evaporated, a salt was obtained; 
and the nature of the salt was determined by the 
nature of the acid and by the nature of the base that 
were brought together. We had as many salts 
as acids and bases, and every process of neutraliza- 
tion gave its own distinctive salt. We apparently 
had as many different reactions in neutralization as 
we had acids and bases, and yet we always got the 
same amount of heat set free. Further, the amount 
of heat liberated in any given chemical reaction was 
a constant for the reaction in question. Here we 
apparently had a large number of chemical reactions 
all producing the same amount of heat energy. 
What was the explanation? 

It was impossible to explain this phenomenon in 
terms of the older conceptions of chemistry. It is 
difficult to see how it would ever have been explained 
had not the theory of electrolytic dissociation been 
discovered. 



132 A NEW EBA IN CHEMISTRY 

ExpUmation of Constant Heat of Neviralizaiion. — 
It has been stated that the heat of neutralization of 
strong acids by strong bases is a constant, if the 
solutions are dilute. Dilute solutions of strong 
acids and strong bases mean solutions in which the 
molecules are completely broken down into ions — 
all completely dissociated. This applies to dilute 
solutions of iQl strong acids and all strong bases. 

We now know that what takes place whenever 
we bring together a solution of such an acid and 

such a base is represented in the following equation, 

+ 

in which A is the anion of the acid and G the 
cation of the base — 

- + - + - + 

A H + OH C = HjO + A + C 

The process of neutralization consists simply in the 
union of the hydrogen ion of the acid with the 
hydroxyl ion of the base to form water; the anion 
of the acid and the cation of the base remaining 
after the process of neutralization in exactly the 
same condition as before. This is the same as to 
say that in the dilute solution the salt is completely 
dissociated. The molecules of the salt are formed 
only when the water is driven off; and the old 
error was in supposing that the salt was formed 
as the result of the process of neutralization. When 
the water, which holds the ions of the salt apart, is 
removed, they combine and form a molecule. 

The process of neutralization is, then, the same 
thing, independent of the nature of the acid and 
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independent of the nature of the base, and we 
should, of course, have a constant amount of heat 
set free; a constant reaction, the union of hydrogen 
and hydroxyl ions, having a constant thermal value. 

The constant heat of neutralization of dilute 
solutions of strong acids and strong bases was thus 
explained for the first time by the theory of electro- 
Ijrtic dissociation. Indeed, it is not only explained 
by this theory, but is a necessary consequence of 
the theory, and could have been predicted from it. 

The explanation of the constant heat of neutraU- 
zation is only one of the many uses of the dissocia- 
tion theory. There is another side of the theory 
which should be brought out here. Before we had 
the theory, we had as many problems of neutraU- 
zation to deal with as we had acids and bases. 
Now we have one; all processes of neutraUzation 
being really one process. Thus, all of the facts in 
connection with neutralization are beautifully cor- 
related by the theory. This is another use of a 
generalization, to correlate otherwise more or less 
disconnected facts, and to refer them to a common 
cause. 

Heat of NeutraUzation of Weak Adds and Weak 
Bases. — A corollary to the above relation is the 
explanation of the results in connection with weak 
acids and bases. The heat of neutralization of a 
weak acid by a weak base is not constant, and is 
usually less than the constant for strong acids and 
bases. If either the acid or base is weak, the heat 
of neutralization is not constant ; and still less nearly 
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does the heat of neutralization approach the con- 
stant value for strong acids and strong bases, when 
both the acid and base are weak. 

What is the explanation of this apparent abnormal- 
ity? It was not explained, and apparently not 
explicable, before we had the theory of electrolytic 
dissociation. Now, the explanation is perfectly 
obvious. 

When the acid or the base is weak it means that 
there is not complete dissociation, and dissociation 
has a thermal value, positive or negative. When 
incompletely dissociated acids and bases are brought 
together the dissociated portions react in the usual 
way; then the undissociated portions dissociate 
and, as has been said, this process either evolves or 
absorbs heat. The heat of neutraUzation of weak 
acids and bases, as measured, is really the heat of 
neutralization plus the heat of dissociation of the 
unionized portion, which may be a positive or a 
negative quantity. That the heat of neutraliza- 
tion of weak acids and bases would not be the same 
constant as the heat of neutralization of strong 
acids and bases, could have been predicted in advance 
from the dissociation theory; and it could further 
have been predicted that the heat of neutralization 
of weak acids and bases would not have been a con- 
stant at all, but would vary from acid to acid and 
from base to base; since the heat of ionization 
varies with every compound. 

Hydrogen and Hydroxyl Ions Combine when in 
the Presence of one Another. — The above inter- 
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pretation of what takes place in neutralization is 
based upon the assumption that the hydrogen ; 
and hydroxyl ions, when in the pressure of onej^' 
another, do combine. There are a large number of 
independent lines of evidence all pointing to this 
conclusion. It would lead us too far here to dis- 
cuss these in any detail. Take just one of them. 
Water is formed by the union of the hydrogen ion 
of acids and the hydroxyl ion of bases. If hydrogen 
and hydroxyl ions could remain in the presence of 
one another imcombined to any appreciable extent, 
then pure water would be a dissociated substance; 
the amount of the dissociation being determined 
by the degree to which these ions are imcombined. 

The fact is that water is practically undissociated. 
Only one molecule of pure water in a million or ten 
millions is broken down into ions. This alone would 
show that whenever hydrogen and. hydroxyl ions 
are brought together they combine; and there is 
abundant independent evidence for this same fact. 

The importance for chemistry of the fact that 
hydrogen and hydroxyl ions cannot remain in the 
presence of one another imcombined is difficult to 
overestimate. Could these ions remain separate 
then an acid would not neutralize a base, and all 
salt formation from the process of neutralization of 
acids and bases would be excluded. 

Further, could hydrogen and hydroxyl ions re- 
main in the presence of one another uncombined 
to any appreciable extent, water would either be 
an imstable compound or would not exist at all. 
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The importance of water for chemistry is of the 
very greatest. Think in how many chemical reac- 
tions water is formed as one of the products. Indeed, 
it is the formation of water, i.e., the union of hydro- 
gen and hydroxyl ions which condition and cause 
most chemical reactions. It is not too much to say 
that if hydrogen and hydroxyl ions did not com- 
bine, at least three-fourths of all chemical reactions 
would be ruled out at once. This would mean the 
practical annihilation of chemistry. 

The importance of water for chemistry and for 
science in general, simply illustrates what a remark- 
able compound it is. It is the best dissociant and 
the best solvent of all of the more common liquids. 
Its properties are, in general, extreme properties. It 
has the highest dielectric constant of all of the 
more common liquids. It is more associated than 
any other common solvent, i.e., its molecules con- 
tain the largest number of the simplest chemical 
molecules; Uquid water at ordinary temperatures 
being (H20)4. It is made up of the two most impor- 

tant and the two swiftest ions, H and OH; the 
former being the ion that gives us all acids and 
the latter the ion that gives us all bases. 

Take its property of contracting to 4° and then 
expanding until it reaches the freezing-point. This 
property is possessed by comparatively few liquids. 
Did water not expand from 4° to zero the whole 
face of the globe would soon present a very different 
appearance. Fresh-water life would be exterminated 
in one cold winter in northern climates; and those 
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fi.niTnfl.la which depend upon this Uf e for sustenance 
would soon be exterminated. 

Then, again, water is absolutely essential to all 
life. We often say without carbon no life. We 
could just as well say without water no life. With- 
out water no living form could exist for any long 
period of time and reproduce. All in all, water is 
unquestionably the most remarkable compound, 
many times over, known to the chemist. It owes 
its existence to the fact that hydrogen and hydroxyl 
ions cannot remain in the presence of one another 
uncombined. 

It is most impressive to think how the existing 
order of nature, and, therefore, of natural science 
in the broad sense of the term; which is a study of 
nature from all possible standpoints, depends upon 
what seems to be an accidental triviality, but what 
is in reality one of the key-notes to the general 
harmony of things. Among these apparently super- 
ficial and accidental facts, but really one of the most 
fundamental and important, is the necessity of 
combination between hydrogen and hydroxyl ions 
whenever they are brought together. 

Law of the ThermoneiUrality of Salts. — Another 
thermochemical fact which has long been known, but 
which has only recently been explained, is the 
following. When dilute solutions of neutral salts 
are mixed there is no thermal change. This was 
puzzling to the chemists of the last century and 
for the following reason. We mix solutions of two 
salts, say sodium chloride and potassium nitrate. 
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Evaporate the solution and we get the four salts; 
sodium chloride, sodium nitrate, potassium chloride, 
and potassium nitrate. We staxt with two salts and 
we end with four. This is certainly a chemical 
reaction, and it was well known that every chemical 
act involves a thermal change. Here was what 
seemed to be a chemical change, and the most sen- 
sitive thermometer then in use could not detect 
any appreciable thermal change. How could we 
reconcile these apparently irreconcilable facts? 

There was no possible means of explaining these 
facts before we had the theory of electrol3rtic disso- 
ciation. Now, the explanation is obvious, is a neces- 
sary consequence of the theory; and the fact could 
have been predicted in advance from the theory. 

When we mix dilute solutions of neutral salts 
there is no chemical act. Each of the salts is com- 
pletely dissociated in its solution, and they both 
remain completely dissociated when their two solu- 
tions are mixed. The chemical act takes place 
when the water which holds the two ions apaxt is 
removed. There is then a chemical act and un- 
doubtedly a thermal change. The chemical act, 
giving us four salts from two, takes place during the 
process of evaporation, and this is the point that 
was for a long time overlooked. It was supposed 
that the chemical act took place when the dilute 
solutions of the two salts were mixed. 

We now know that in the above described mixing 
of the two solutions there is no chemical action. 
Everythmg remains after the process of mixing m 
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the same condition as before. There is, therefore, 
no reason to expect any thermal change. 

Properties of Mixtures of Electrolytes and Non^ 
Electrolytes. — While we are dealing with mixtures 
and their properties the following systems are well 
worth considering. Take again the salts sodimn 
chloride and potassium nitrate; mix their dilute 
solutions in equivalent quantities and study the 
properties of this mixture. Then mix solutions 
of potassium chloride and sodium nitrate of the 
same concentration as the original salts, and study 
the properties of this mixture. It will be found that 
the two solutions have the same properties. 

Mix methyl chloride and ethyl bromide and 
study the properties of this mixture. Then mix 
methyl bromide and ethyl chloride in the same 
quantities as above, and study the properties of 
this mixture. It will be found that these two mix- 
tures have very different properties. 

Why this marked difference in the two cases? 
Without the dissociation theory it would be im- 
possible to answer this question. With it the 
answer is obvious. In the first case we are dealing 
with electrolytes, which, in dilute solution, are 
completely broken down into their ions. The ions 
3delded by sodiimi chloride and potassium nitrate 
are, sodiimi, chlorine, potassium, and the ion NOs. 
The ions yielded by sodiimi nitrate and potassiimi 
chloride are sodium, NOs, potassiimi, and chlorine. 
We have the same kinds of ions in the two cases; 
and since we have used the same concentrations in 



I 



140 A NEW ERA IN CHEMISTRY 

both cases, we have the same numbers of the same 
kinds of ions in the two mixtures. These mix* 
tures must, then, have identical properties. 

In the case of methyl chloride and ethyl bromide, 
and ethyl chloride and methyl bromide we are 
dealing with non [electrolytes, i.e., with undisso- 
ciated compounds. In the one mixture of these 
two substances we have methyl chloride and ethyl 
bromide molecules. In the other mixture we have 
methyl bromide and ethyl chloride molecules. In 
the two mixtures we have, then, different substances 
present, and we should expect to have different 
properties, and such is the fact. 

These comparatively simple relations could not 
possibly be explained without the dissociation 
theory. With it their explanation is self-evident. 

The Meaning of SvbstUution in Chemistry. — We 
have already referred to one simple act of substitu- 
tion, the action of acids on metals. We saw that 
substitution, in this case, consisted in the trans- 
ference of the electrical charge from the hydrogen 
which held it loosely, to the zinc which holds the 
charge more firmly and therefore takes it. Substi- 
tution in chemistry is one of the most conunon 
reactions. The question is. Is the above act of 
substitution typical of substitution in general, 
or is it a special kind which differs in nature from 
the more general act? We have seen that the 
action of an acid on a metal is purely and simply an 
electrical act. Is substitution, in general, electrical 
in nature? 
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This question can be answered only by experi- 
ment, and the experimental work in question has 
been done by Sir J. J. Thomson. He ^ has shown 
that when hydrogen gas is dectrolyzed under cer- 
tain conditions, it breaks down into two constituents, 
the one more positive than the other; or, as we say, 
into a positive hydrogen and a negative hydrogen. 
The difference between these two kinds of hydrogen 
is shown by the different spectra of the two. 
The one kind of hydrogen shows the red spectrum 
line of hydrogen strong and the green line weak, 
and the other kind shows the green line strong and 
and red line weak. Similar results were obtained 
with chlorine. It was broken down into a more 
negative and a less negative constituent. 

Thomson extended his work to such compounds 
as the chlormethanes, and found that the chlorine 
always went to the same pole as the hydrogen of the 
methane which it had replaced. This showed that 
the chlorine which replaced the hydrogen of methane 
had the same charge as the replaced or substituted 
hydrogen. The act of substituting the hydrogen by 
the chlorine was, then, purely and simply an elec- 
trical act; ^ transference of the positive charge from 
the hydrogen to the chlorine. 

It seems from this work that substitution, in 
general, in chemistry is purely and simply an 
electrical act. A transference of an electrical charge 
from something which has it but holds it loosely, to 
something which holds the charge more firmly and, 

> Nature, 6S, 453 (1886). 
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therefore, takes it. It was the theory of electrolytic 
dissociation which first taught us the significance of 
electrical charges for chemical reactions and for 
chemistry. 

The bearing of this work of Thomson was very 
broad. By means of it he was able to overthrow a 
long standing objection to the electrochemical theory 
of Berzelius; an objection which never had any real 
foundation in fact. It would lead us too far to dis- 
cuss this relation here. It can only be referred to.^ 

Ions are the Active Agents Chemically. — Since 
electrical charges play such a prominent r61e in 
chemistry, the question arises, do uncharged parts 
ever enter into chemical reactions? This question 
has been long discussed and much experimental 
work has been done upon it. The evidence aa I see 
it today is, that there is not the slightest reason to 
suppose that uncharged molecules can react chemi- 
cally with uncharged molecules. A charged ion 
may react with a molecule, since there is a difference 
in potential between the two. Unless two bodies 
are at different electrical levels or potentials, I 
cannot see any physical possibility of them entering 
into a chemical reaction. 

However this may be, there is abundant evidence 
that the ions are the most active agents chemically. 
Take a solution of an acid or a base that is com- 
pletely ionized, it is more active in proportion to 
its concentration than any solution of the same acid 

^ See "Elements of Physical Chemistry," by the author, 4th ed., 
p. 350 (Maomillan's, N.Y.). 
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or base that is not completely ionized. I mean that 
a thousandth normal solution of an acid or base is 
more than one one-thousandth as active as a normal 
solution^ and this is because it is more dissociated. 

The above fact is now so generally recognized, 
that we use the degree of dissociation as a measure 
of the strength of the acid or base; and the results 
obtained by this method are confirmed by those 
methods of measuring strength, in which the acid or 
base in question is allowed to effect a chemical 
reaction. 

That molecules are comparatively inactive is 
shown by some facts already referred to, such as the 
inactivity of dry, liquid hydrochloric or sulphuric 
acid. Here we have the greatest possible number^ 
of molecules of the acid in question in a given 
volimie, and yet not a trace of chemical activity. 
Another fact illustrating the same point, is the 
lack of all chemical action between dry ammonia 
gas and dry hydrochloric acid gas. 

Baker' showed this to be the case. He dried 
both of the gases with the very greatest care over 
phosphorus pentoxide, and brought them together 
in such a way that any change in volume, however 
slight, would be easily detected. There was not a 
trace of reaction. 

The number of examples showing that molecules 
are chemical inactive are legion. It would lead us 

^ There would be a few more molectdeB in a given volume in the 
0olid, but these would be comparatively inmiobile. 

s Journ. Chem. Soo. (London) 66» 611 (1894), 78» 422 (1889). 
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too far here to discuss any more such examples in 
detail, and it would be superfluous to do so. The 
explanation of such reactions and the lack of reac- 
tivity is the theory of electroljrtic dissociation. 

This theory thus accounts for the facts that are 
known, coordinating and correlating them; and it 
is most fertile in suggesting new and original lines 
of work. More could not be asked of it. 



CHAPTER rX 

The Solvate Theory op Solution and the 
Importance op Solutions por Science 

IN General 

Oeneralisscttion of VarCt Hoff and Arrhenius. — 
Van't Hoff discovered the relations between the 
laws of gas pressure and the laws of osmotic pres- 
sure of solutions. He showed that for compar- 
able concentrations the gas pressure of a gas was 
exactly equal to the osmotic pressure of a solution. 

The importance of this discovery cannot be easily 
overestimated. Let us see why. We know com- 
paratively little about matter in the solid state. 
We know the geometrical forms in which it crystal- 
lizeS} and we know something about the way in which 
solids conduct the different forms of energy; heat, 
light, and electricity. We know, however, very 
little about the internal mechanism of solids. We 
do not know the simplest laws to which solid matter 
conforms. We do not even know the molecular 
weights of the simplest substances in the solid state. 
We do not know what is the formula of solid sodium 
chloride or rock salt; or of solid water or ice; and 
we have no reliable means at present of finding out 
these simplest matters about solids. Our ignorance 
of sohds is very nearly complete. 
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When we turn to liquids we know a good deal 
more. Here we have fairly reliable methods for 
determining molecular weights; but we know com- 
paratively Uttle about the fundamental laws of 
liquids. 

With gases, however, it is quite diflferent. Many 
of the fundamental problems in connection with 
gases have already been solved. We can deal 
with matter in the gaseous state by the only rigid 
and exact method — the mathematical. 

Since Van't HofF has shown the relation between 
solution and gases, we can apply what we know 
about gases to solutions; and the importance of this 
step will become apparent when we come to consider 
the meaning of solutions not only for chemistry, 
but for natural science in general. 

The relations worked out by Van't Hoff, however, 
do not hold for solutions of substances in general; 
but only for solutions of non electroljrtes, i.e., 
those solutions which do not conduct the current. 
All of the electrolytes, as we have seen, show osmotic 
pressures that are too great in terms of the laws of 
gas pressure and their concentrations. 

We have seen how Arrhenius explained these 
apparent discrepancies presented by the electroljrtes. 
He showed that these substances in aqueous solu- 
tions are dissociated more or less into ions; the 
magnitude of the dissociation for any given sub- 
stance being dependent upon the dilution. 

Arrhenius thus supplemented the generalization 
reached by Van't Hoff, connecting solutions of non- 
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electrolytes and gases, with the theory of electro- 
lytic dissociation. These two generalizations taken 
together give us a satisfactory theory of very dilute^ 
or "ideal" solutions as they were termed. These 
relations were soon recognized to hold only for very 
dilute solutions. They did not apply to a single 
concentrated solution of a single electrolyte or 
non electrolyte. 

CriMcism of (he Genercdizaiions of VanH Hoff and 
Arrhenvua. — It was quickly pointed out that these 
generalizations of Van't Hoff and Arrhenius might 
be all very well for "ideal" or infinitely dilute solu- 
tions, but these are not the solutions in which we 
are most interested. These are not the solutions 
which give us chemistry. If we are to have a theory 
of solutions that is of the greatest value, it must 
certainly be a theory which takes into account the 
very solutions which we use in the laboratory. 

This was a perfectly just criticism and one which 
could not be squarely met. The fact was that 
these relations, as important as they were for "ideal" 
solutions, did not apply to the real solutions which 
give us nature, and, therefore, give us the science 
of nature. 

What did this mean? No one had the faintest 
idea. It was, to be sure, pointed out that the 
simple laws of gas pressure do not apply to the 
pressures of concentrated gases. It is necessary to 
modify the simple laws as was done by Van der 
Waals, and take into account, in concentrated gases, 
the spaces actually occupied by the gas molecules 
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themselves, and the attractions of these molecules 
for one another. 

No one succeeded m modifying the gas laws in a 
similar manner, or in any manner so as to make 
them apply to the osmotic pressures of even fairly 
concentrated solutions. 

We think we know today the cause of the apparent 
anomalies presented by the real solutions with which 
we have to work. 

Origin of the Solvate Theory of Solution. — A 
Japanese, Kenjira Ota, came to this country in 
1899, by an imusual route, which touched at the 
bottom of the Pacific ocean. He came on a ship 
which foundered outside of the Golden Gate and 
sank. Ota just had time to adjust a life preserver, 
and f ortimately had a room on the upper deck of the 
ship. When the boat sank he supposes that the 
weight of the water crushed in the roof of his state- 
room, and having a life preserver properly adjusted 
he came to the surface like a cork. When he be- 
came conscious again he was being hauled into a 
small boat at the surface of the sea. 

We would expect a man who had had such a fate, 
to do something unusual when he arrived, and he 
did. 

I was interested at that time in the condition of 
double salts in solutions. We wanted to know 
whether a double salt, such as an alum or a double 
chloride, existed in solution as such; or whether it 
broke down first into the simple salts which ap- 
parently composed it, and then these dissociated in 
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the usual way. In a word, we wanted to know how 
complex salts dissociated in aqueous solution. 

To throw light on this question we measured the 
dissociation of the single constituents of the double 
salty and then that of the double salt itself, by 
means of the freezing-point method. We studied 
the lowering of the freezing-point of water produced 
by the single constituents, and then that produced 
by the double salt. We studied these freezing- 
point lowerings over a range of concentration, and 
expected to find that the lowering referred to gram 
molecular quantities, i.e., the lowering actually 
observed multiplied by the concentration expressed 
decimally, would increase with the dilution from the 
most concentrated solution investigated to the 
most dilute. This would be a necessary consequence 
of the fact that the dissociation increased with the 
dilution of the solution. 

I^ had ab*eady foimd, while working with Ostwald 
in 1892-1894, that the molecular lowering of the 
freezing-point undoubtedly increases with the dilu- 
tion for dilute solutions; and this fact confirmed the 
results of Raoult and many others, who had used 
the freezing-point method. We supposed that we 
should find the same general relation from the most 
concentrated to the most dilute solution studied, 
no matter how great the concentration was. 

Work of Jones and Ota. — Ota * started to work 
with concentrated solutions of certain double 

1 Zeit. phys. Chem. 11, 110, 529 (1892) 12, 623 (1893). 
> Amer. Chem. Journ., 22, 5 (1899). 
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chlorides by the freezing-point method, and soon 
found that from a certain concentration which was 
not great, the molecular lowering of the freezing- 
point increased with the dilution of the solution, 
just as we would expect it to do. From this con- 
centration, as the concentration was still farther 
increased, the molecular lowering increased also 
with the concentration of the solution. The molec- 
ular lowering of the freezing-point thus passed 
through a well-defined minimum, increasing from 
a given concentration both with the dilution and 
with the concentration. This was a remarkable 
fact, and at first could not be satisfactorily ex- 
plained. On examining the literatiu^ we foimd 
one or two cases on record, where the molecular 
lowering of the freezing-point seemed to pass 
through a minimum. 

Work of Jones and Knight. — The work thus 
begun by Ota was very quickly taken up by 
Knights who was working with me at that time. 
We extended the investigation to a much largei^ 
munber of double chlorides and bromides, and found 
that the phenomenon first encountered by Ota 
manifested itself in every case. The molecular 
freezing-point lowering increased from a given 
concentration, with the concentration of the solu- 
tion; and often attained a value much greater than 
would correspond to complete dissociation of the 
salt; although the salt at these concentrations was 
often dissociated not more than fifty per cent. 

1 Amer. Chem. Journ., 22, 110 (1899). 
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Work of Jones, Chambers, and Frazer. — The 
problem was then taken up more or less systemat- 
ically at my suggestion and with my cooperation, 
by Chambers.^ At this stage of the work the 
chlorides and bromides of the alkaline earths were 
studied, because they crystallized with large amoimts 
of water, and I had already suspected a relation 
between water of crystallization and the apparently 
abnormal lowering of the freezing-point that we had 
observed. The minimum for the molecular lowering 
was found for every one of these substances. This 
work was a little later extended by Chambers and 
Frazer,* working in my laboratory. 

Explanaiion of Remits. — In 1900 I offered the 
first explanation' of these results. ''How is it then 
possible to accoimt for these abnormally great de- 
pressions of the freezing-point? There appears to 
us to be only one way. In concentrated solutions 
these chlorides and bromides must take up a part 
of the water, forming complex compoimds with it, 
and thus removing it from the field of action as far 
as freezing-point lowering is concerned. The com- 
potmd, which is probably very unstable, formed by the 
union of a molecule of the chloride or bromide with 
a large number of molecules of water, acts as a unit, 
or as one molecule in lowering the freezing-point of 
the remaining water. But the total amoimt of water 
present, which is now acting as solvent, is diminished 

^ Ainer. Chem. Joum., 28» 89 (1900). 

> Ibid., 28, 612 (1900). 

> Ibid,, 28, 103 (1900). 
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by the amount taken up by the chloride or bromide 
molecules. The lowering of the freezing-point is 
thus abnormally great, because a part of the water 
is no longer present as solvent, but is in combination 
with the chloride or bromide molecules. By assuming 
that a molecule of the halide is in combination with a 
large number of molecules of water, it is possible to 
explain all of the freezing-point results obtained.'' 

Work of Jones and Getman. — The work at this 
stage was aided by k grant from the Cam^e Insti- 
tution of Washington, and Getman was appointed 
assistant imder this grant. He ^ took up the prob- 
lem in a broad way, extending the work to a large 
number of typical substances. A method for cal- 
culating the approximate composition of the hydrates 
formed by the different substances at the different 
dilutions studied, was worked out, and a number of 
relations established; a few of these will be dis- 
cussed here. 

Evidence for Hydration in Agueow Solution. — K 
substances in aqueous solution are combined with 
more or less of the water, then, those substances 
which combine with the largest amounts of water 
in solution, would be the ones that would bring 
the largest amounts of water with them out of the 
sohition when they crystallize. If the explanation 
offered to account for the above described facts is 
correct, then, those substances which form, in the 
presence of water, the most complex hydrates, 
would be the ones which crsrstallize with the largest 

^ Zeit. phys. Chem., 49, 244 (1903); Phys. Rev., 18, 146 (1904). 
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amounts of water; and the converse would also be 
true. This was a conclusion from the theory which 
could readily be tested by experiment. Since the 
magnitude of the freezing-point lowering was an 
approximate expression of the complexity of the 
hydrates formed; it was only necessary to compare 
the molecular freezing-point lowerings found, with 
the amounts of water with which the salts in ques- 
tion crjrstallized. 

This was done and the results plotted in the 
form of curves/ for a large number of chlorides, a 
large number of bromides, a fairly large number of 
iodides, and a still larger number of nitrates. The 
relation between the molecular lowering of the 
freezing-point, and water of crystallization was found 
to be a perfectly general one; and since molecular 
lowering of the freezing-point and mi^gnitude of 
hydration in solution were practically proportional 
to one another, it follows that water of hydration 
in solution, and water of crystallization are prac- 
tically proportional to one another. This was 
regarded as a very strong argument in favor of the 
hydrate theory. 

Work of Jones and Bassett. — Another line of evi- 
dence bearing upon the hydrate theory was brought 
out, while Bassett * was working as my assistant 
under a grant from the Carnegie Institution of 
Washington. 

1 Carnegie Institation of Waahington, Publicatum No. 60. Zeit. 
phys. Chem., 49, 433 (1904). 

s Amer. Chem. Journ., 34, 294 (1905). 
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It is well known that molecular complexes in gen- 
eral break down with rise in temperature. The 
hydrates in solution would, therefore, be more 
complex the lower the temperature of the solu- 
tion. The higher the temperature the simpler the 
hydrates. 

Water of crystallization, which is water of hydra- 
tion out of solution, should, therefore, depend upon 
the temperature at which the salt crystallizes. The 
higher the temperature at which the salt crystallizes, 
the smaller should be the number of molecules of 
water with which it crystallizes. 
. We knew that this fact was in general, true, 
before looking up the literature bearing upon it. 
We were, however, surprised to find in the litera- 
ture such a large number of examples of this fact, 
and especially surprised to find the niunber of good 
examples of salts crystallizing with three, four, or 
even five different amounts of water of crystalliza- 
tion; depending solely upon the temperatures at 
which the crystals were formed. This was regarded 
as another line of evidence for the hydrate theory of 
solution. 

One line of evidence after another for the view 
that there is combination between the dissolved 
substance and the solvent have come to light, 
until we have now more than a dozen such inde- 
pendent lines. It would lead us much too f^r 
here to discuss these in any detail. There is, how- 
ever, one other line which must be touched upon 
before we leave this part of our subject. 
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The Solvate Theory. — Before taking up this evi- 
dence, we will add a word in reference to the power 
of substances to combine with solvents other than 
water, in which they are dissolved. Having found 
that combination with water is so general in aqueous 
solutions this question would naturally suggest itself. 

The freezing-point method could not be used with 
noany solvents other than water; since they do not 
freeze at temperatures which can be accurately 
measured. The rise in the boiling-point of a sol- 
vent produced by the presence of a dissolved sub- 
stance, can be used to solve this question with such 
solvents as the alcohols, and this has been done. 

The molecular rise in the boiling-point of alcohol 
produced by dissolved substances, has been foimd 
to pass through a minimum, just as the molecular 
lowering of the freezing-point passed through a 
minimum. 

Further, the molecular rise in the boiling-point 
increased from this minimum with the concentra- 
tion, to very considerable values; showing that a 
large amount of the solvent present was in combina- 
tion with the dissolved substance. We shall see, 
especially from the spectroscopic evidence given 
below, that there is good reason to believe that 
dissolved substances in general combine with more 
or less of the solvent — in a word, solvation in solu- 
tion is a general phenomenon. 

Spectroscopic Evidence for the Solvate Theory. — 
The question arises, why study the action of light 
on solutions, in order to see whether there is com- 
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bination between the dissolved substance and the 
solvent? Let us look briefly mto this. 

What 18 Meant hy Absorption of Ligktf — Why 
are some solutions colored and others colorless? 
To answer this question we must first inquire into 
what is meant by the term ''absorption of light." 
Why are some bodies opaque and others transpar- 
ent to light rays? 

light, as is well known, is a series of waves sent 
out in the ether by the limiinous object. These 
waves have very different wave lengths. White 
light is a mixture of a large nimiber of these vibra- 
tions, having wave lengths that cover a very con- 
siderable range. The shorter wave lengths give us 
the sensation of purple, blue, and green; and the 
longer wave lengths of yellow, orange, and red. 

An object is opaque to a beam of white Ught, when 
all of the wave lengths of the ether vibrations which 
constitute the white light, find something in the 
object in question which they can throw into vibra- 
tion with wave lengths the same as their own. We 
usually call this phenomenon resonance, and say 
that an object is opaque to white light when all of 
the ether vibrations find something in the object 
which they can throw into resonance with them- 
selves. It is very easy to see how resonance means 
opacity. If a vibration in the ether of a given 
wave length sets something in the object interposed 
in its path into vibration, the energy of the original 
ether vibration is expended in setting up the new 
vibrations, and the original ether vibration ceases. 
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If none of the wave lengths of the white light finds 
anything in the object which it can throw into res- 
onance, then all of the wave lengths in question pass 
on through the object, and we say this object is 
transparent. 

Take the case of solutions. Some solutions are 
opaque and others transparent for the reasons indi- 
cated above. Still other solutions are transparent 
to some of the wave lengths and opaque to others. 
How do we explain this? 

What We Mean by Color in Solution. — When 
some of the ether vibrations can set up resonance 
in something in the solution, these vibrations are 
8topi)ed, and the others pass on through the solution 
and give it its color. Thus, a blue solution means 
one in which the longer wave lengths have found 
something which they can throw into resonance 
with themselves, and are consequently stopi)ed. 
A red solution is one in which the shorter wave 
lengths have f otmd something which they can throw 
into resonance, and are, consequently, stopped. 
The color of any solution is the effect on the retina 
of all the wave lengths which cannot find anything 
in the solution which they can throw into resonance. 
Absorption of Ught, then, means resonance, trans- 
parency is the lack of resonance. 

Bearing of the Absorption of Solutions on the 
Solvate Theory. — From what has been said above, 
we ought to be able to see the bearing of the absorp- 
tion of light by solutions on our theory of solva- 
tion in solution. If a dissolved particle is much 
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hydrated it ought to have different resonance 
than it would have if only a little hydrated, or not 
hydrated at all. The solution should, therefore, 
have different ''color/' as we say, when we change 
the hydration of the dissolved particle. 

We can easily change the solvation of a dissolved 
particle, and then we can see whether the color 
changes or not. We must not rely upon the eye 
alone to detect any slight change in the color of solu- 
tions, since the eye as a measiu^ of color is a very 
rough instrument indeed. It only gives us the alge- 
braic sum of the retinal stimuli, and as an analyzer 
of color is very defective. 

The prism spectroscope, which has in the past 
been used so much in this connection, is now entirely 
out of date. It does not disperse the light sufficiently 
for the purposes in question. We now make use 
of a Rowland grating spectroscope which will be 
briefly described. 

The Grating Spectroscope. — White light from a 
Nemst glower was allowed to pass through a fine 
slit and fall on the grating. From the grating it 
was received on the photc^raphic plate. The solu- 
tion whose absorption spectrum it was desired to 
study, was interposed between the source of light and 
the grating. The light absorbed by the solution 
manifested itself as dark lines and bands on the pho- 
tographic plate. The advantage of the grating over 
the prism is the much greater dispersion of the light. 

With the grating spectroscope, four assistants 
under grants to me from the Cam^e Institution of 
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Washington, have worked with me on the absorption 
spectra of solutions for the past seven years. These 
are Uhler, Anderson, Strong, and Guy- 
Let us now see how the problem was attacked, 
and what were a few of the more important results 
obtained. 

Work of Jones and Uhler. — Uhler * changed the 
composition of the hydrates in solution in various 
ways. He changed the concentraiion of the solu- 
tion. The more concentrated the solution the 
simpler the hydrates. Increase in the concentra- 
tion of the solution widened the absorption bands. 
He then added a dehydrating agent to the aqueous 
solution of the salt in question. This simplified 
the hydrates present. The presence of a dehydrat- 
ing agent, had the same effect on the absorption 
lines and bands as increasing the concentration. 
It widened them. A salt was then dissolved in 
alcohol, and more and more water added to the 
aqueous solution. As the amount of water present 
increased, the complexity of the hydrate increased. 
As the amotmt of water was increased the absorp- 
tion bands became narrower and narrower. 

The effect of the complexity of the hydrates 
present, on the absorption spectra of solutions, was 
thus unmistakable. 

Work of Jones and Anderson. — Anderson* went 
much farther. He studied a very large number of 
substances, and showed that certain lines and 

^ Carnegie Institution of Washington, Publication No. 60. 
* Ibid,, No. 110. 
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bands are undoubtedly due to the presence of hy- 
drates m the aqueous solutions; as, for eicample, 
the ultra-violet bands of solutions of cobalt salts. 

The most important fact that was discovered 
by Anderson, as far as the solvate theory is con- 
cerned, is the following. In terms of this theory, 
when a salt is dissolved in water it combines with 
more or less of the water, forming hydrates. When 
dissolved in alcohol it combines with that solvent 
forming alcoholates. 

It would seem that the hydrates ought to have 
different resonance from the alcoholates. The 
absorption spectrum of a salt in water should, 
therefore, be different from that in alcohol. This 
difference might be slight; but by selecting a salt 
with sharp absorption lines and bands, it ought to 
be detectable. 

When we examined the literature bearing upon 
this point, we found nothing to indicate that our 
conclusion was borne out by the facts of experiment. 
The statement seemed to be generally accepted, 
that the absorption spectrum of any substance in 
solution was independent of the nature of the sol- 
vent in which it was dissolved, provided the solvent 
itself had no absorption. 

Neodymiimi salts have many fine lines and 
bands. We worked out their absorption spectra 
in water as the solvent, and also in the alcohols. 
We found that the absorption spectrum in alcohol 
was very different from what it was in water. The 
alcohol spectrum was not the water spectrum 
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shifted in position, but there were new bands in the 
alcohol spectrum that did not manifest themselves 
at all in the aqueous solutions. When the neodjmi- 
ium salts were dissolved in mixtures of alcohol 
and water, we had simultaneously upon the photo- 
graphic plate both the ''water" bands of this salt, 
and the ''alcohol" bands. This showed that each 
set of bands was characteristic of the solvent in ques- 
tion, and that one set was not simply the other 
set shifted in position. 

We regarded this as the very best evidence that 
could possibly be obtained, for the existence in solu- 
tion of combination between the solvent and the 
dissolved substance. These solvates manifested their 
presence by their resonance or absorption of light, and 
this was very different for hydrates and alcoholates. 

Work of Jones and Strong. — Jones and Strong^ 
continued their work for three years, and brought 
out many facts analogous to the above. In this 
work alone between four and five thousand solutions 
were studied, including solutions of the same salt 
in a large number of solvents and mixtures of these 
with one another. 

« 

Thus, a ^ven salt was dissolved in water, methyl 
alcohol, ethyl alcohol, propyl alcohol, butyl alcohol, 
isopropyl and isobutyl alcohols, acetone, and gly- 
cerol. It was found that when a salt with sharp 
absorption lines and bands was used, such as salts 
of the element neodymium, that absorption lines 

^Carnegie Institution of Washington, Publications Nos. 130 
andlfiO. 
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and bands manifested themselves which are char- 
acteristic of every solvent used, and which varied 
from solvent to solvent. Just how pronounced 
were these differences can be seen from a paper ^ 
that has recently been published. The number of 
''solvate'' lines and bands that were foimd was 
very large, and the following interesting fact was 
discovered. Take two solvents as closely related 
as propyl and isopropyl alcohols, or butyl and iso- 
butyl alcohols. By means of the absorption spec- 
tra of a salt dissolved in a given alcohol and in its 
isomer, we could distinguish between the two. 
There were absorption lines that were present in 
the alcohol, that were different from those which 
manifested themselves in the isomeric solvent. 

This kind of evidence, which came to light in so 
many cases, leaves Uttle to be desired. One other 
Une has, however, come out in our most recent 
work on absorption spectra, which ought at least 
to be mentioned in the present connection. 

The effect of temperature on the absorption spec- 
tra of solutions is very pronoimced. As we raise 
the temperature the hydrates become simpler, and 
the absorption bands become wider and wider. 
This was shown by working in closed vessels up to 
about 200°, with both aqueous and non aqueous 
solutions. The effect of temperature on absorp- 
tion spectra is, therefore, the same as increasing the 
concentration of the solution, and as adding a 
dehydrating agent to the solution. They all widen 

1 Phil. Mag., 28, 730 (1912). 
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the absorption bands. The effect of every one of 
these changes is to simplify the solvates existing in 
the solution. The effect upon absorption spectra 
is, thus, exactly the same as upon solvation, in every 
case; and indicates that solvation has much to do 
with the power of the dissolved substance to absorb 
light. 

The point upon which it is desired to lay stress 
here is, however, the following. 

The Radicyrnicrometer Spectroscope. — We have 
seen how far the grating spectroscope surpasses 
the old prism spectroscope. The grating spectro- 
scope also has its limitations. It can be used to 
study absorption spectra only over the range to 
which the photographic plate is sensitive, since the 
spectra must be photographed. This is, after all, 
a comparatively limited range; extending from a 
little in the ultra-violet to a short way into the 
infrarred. 

It is desirable to study the absorption spectra 
for shorter wave lengths than can be photographed, 
and esi)ecially for wave lengths longer than will 
affect the photographic plate. It is very desu*able 
to work down as far as possible into the infra-red. 

A great step has been taken in this direction by 
means of the radiomicrometer. What is a radiomi- 
crometer? A radiomicrometer is a thermo-electric 
couple attached to a loop of copper wire, and the 
whole suspended between the two poles of a mag- 
net. When a current passes through the wire loop, 
there is a deflection of the mirror attached to the 
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system. light from a Nemst glower is passed 
through a Hilger spectroscope with direct reading 
head, so that the wave lengths can be read off 
directly; and then light of one wave length or 
another thrown upon the junction of the radio^ 
micrometer, and the deflection of the mirror noted. 
The solution whose absorption spectrum it is 
desired to study, is placed in the path of the beam 
of light between the source and the spectroscope, 
and any absorption detected by the deflections of 
the radiomicrometer. 

By means of this instrument it was possible to 
detect and measure the intensity of the absorption 
spectra of solutions to wave lengths that were two, 
or two and a half, times too long to photograph. 
By this means the scope of study of absorption 
spectra was increased more than twice. 

Work of Jones and Guy. — Guy,* who built the 
radiomicrometer now in use here, has recently found 
by means of it the following remarkable fact. 
The water in concentrated solutions of certain non- 
absorbing salts has less absorption of ligiht than so 
much pure water. This was worked out by means 
of the radiomicrometer, which measures wave 
lengths as long and much longer than those which 
water absorbs almost completely. The fact that 
water in solution has less absorption than pure water, 
can be accounted for only on the assimnption that 
in the solution a part of the water at least is in com- 
bination with the dissolved substance. The com- 

^ Phys. Zeit., 14, 278 (1913) ; Amer. Chem. Journ., 49, 265 (1913). 
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bined water has less resonance than the pure water. 
Indeed, we regard this fact as strong evidence in 
favor of the solvate theory of solution. 

Take the evidence as a whole which has been 
brought to ligiht in this laboratory alone, bearing on 
the solvate theory of solution; it is so varied and 
unambiguous that there is very little doubt today 
of the general correctness of the theory. When 
substances, in general, are dissolved in liquid sol- 
vents, there is more or less of the solvent combined 
with the dissolved substance. 

Since I proposed this theory, there has been a 
fairly large amount of work done in a number of 
laboratories, bearing on the problem of solvation. 
This evidence, almost without exception, seems to 
be for the general correctness of the view. 

When we dissolve electrolytes in water they dis- 
sociate into ions; while non electrolytes remain in 
the molecular condition. The question is, what is 
it in solution that combines with the solvent? Is it 
the molecules or the ions? 

Non electrolytes solvate very sligihtly. The elec- 
trolytes combine with large amounts of the solvent, 
and form more and more complex solvates the more 
dilute the solution. The more dilute the solution 
the greater the dissociation. This would all point 
to the conclusion that it is the ions which are the 
chief solvating agents. We, however, cannot at 
present say that molecules have no power of com- 
bining with the solvent, since some non electrolytes 
show slight solvating power. 
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The Present Solvate Theory and the Older Hydrate 
Theory of MendeUeff. — The present theory of 
solvation in solution, or combination between 
solvent and dissolved substance, differs funda- 
mentally and in many respects from the older 
hydrate theory proposed by Mendel^eff.^ Mende- 
14eff supposed that when certain substances, such as 
calcium chloride and sulphuric acid, are dissolved in 
water, they form a few definite compounds with the 
solvent. Thus, sulphuric acid formed the hydrate 
H2SO4.H2O; H2SO4.2HJO; H2SO4.26H2O; and 
H2SO4.IOOH2O. 

The existence of these hydrates was supposed to 
be shown by the fact that the specific gravity or den- 
sity curve, when plotted against the concentration, 
seemed to show certain peculiarities or irregularities 
at points corresponding to the above compositions. 

More accurate experimental work has shown that 
most, if not all of the irr^ularities are due to experi- 
mental error; and that there is not the slightest evi- 
dence for the theory of Mendel6eff. Further, the 
present theory supposes that these are not simply a 
few definite hydrates of any given substance in solu- 
tion, but that there is a whole series of solvates in 
the solution; varying in composition from a few 
molecules of the solvent to one of the dissolved 
substance, to a very large number of molecules of 
the solvent to one of the substance. The present 
theory is not simply a theory of hydration in aque- 
ous solution, but of solvation in solvents in general. 

1 Ber. d. chem. GeseU., 19, 379 (1886). 
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Bearing of the Solvate Theory of Solutions. — We 
recall that the theory of solutions as proposed by 
Van't Hoflf and Arrhenius was a theory of "ideal," 
or "very dilute" solutions. The laws of gas pres- 
sure do not apply to the osmotic pressiures of solu- 
tions even of mediiun concentration, and still less 
of very concentrated solutions. This was true even 
when we supplemented the generalizations of 
Van't Hoff by the theory of electrolytic disso- 
ciation. 

This objection to the theory of solutions as left 
by Van't Hoff and Arrhenius, that it was not a 
theory of the real solutions with which we have to 
deal in the laboratory, was a perfectly valid one; 
and at that time there seemed nothing to do but 
to recognize its validity. 

We now have the explanation of why it is that 
these laws which hold for very dilute solutions, do 
not apply at all to more concentrated. A part of 
the liquid present is combined with the dissolved 
substance, and is not present as solvent. Such solu- 
tions are much more concentrated than we would 
suppose them to be from the amount of dissolved 
substance which they contain. Thus, a solution of 
aluminium chloride which contains a gram mole- 
cular weight of the salt in a litre of solution, and 
which would, therefore, be supposed to be normal, 
is, in reality, about five times normal. Four-fifths 
of the water present is combined with the dis- 
solved substance, and only about one-fifth is acting 
as solvent water. The solution is, then, in reality 
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about five times as concentrated as we suppose it 
to be. It is not surprising that the laws of gas 
pressure would not apply to the osmotic pressure of 
a solution which was, in reality, five times as strong 
as we thought it to be. The conception of solva- 
tion in solution, and the working out of the complex- 
ity of the solvates in any given case, enable us to 
say just what is the real concentration of the solu- 
tion. When we supplement the generalizations of 
Van't Hoff and Arrhenius by the solvate theory of 
solution, we have a theory of the real solutions with 
which we have to deal in the scientific laboratory. 
Taking solvation into account, the laws of gas pres- 
sure apply as well to more concentrated as to more 
dilute solutions. The solvate theory of solutions 
bears a relation to the theory of electrolytic disso- 
ciation, which is similar to the relation of the equa- 
tion of Van der Waals to the simple expression of 
the laws of Boyle and Gay-Lussac. It extends the 
original theory from '4deal" to real solutions, making 
it a theory of solutions in the broad sense of that 
term. 

Importance of Solution for Chemistry in Partic- 
vlar, and for Science in General. — We have laid 
considerable stress in the proceeding chapters, on the 
various theories that have been developed to account 
for the condition of matter when dissolved in a sol- 
vent. We have pointed out how fundamental was 
the step taken by Van't Hoflf , when he showed that 
we can apply the laws of gases to solutions. The 
question now arises. Why is it so important to have 
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a correct and comprehensive theory of solutions? 
Why is it necessary to know what is the condition 
of matter in the dissolved state? 

A moment's thought should answer this ques- 
tion. If we use the term solution in the broad sense 
in which it is now employed; it would mean matter 
in any state of aggregation mixed with matter in 
the same/ or in any other state of aggregation. As 
we know matter in three states of aggr^ation we 
couldy theU; have nine kinds of solutions; and well 
defined examples of every one of these are known. 
It was Van't Hoff^ who first showed that certain 
mixtures of soUds obey the same laws as solutions in 
liquids as the solvent; and we have today solid 
as well as Uquid solutions. 

Using the term solution in this broad sense^ all 
chemistry is but a branch of the science of solutions. 
Think of all the chemical reactions you can^ and 
see what proportion of them takes place outside of 
solutions. A fused mass of two or more substances 
is just as much a solution at elevated temperatures, 
as sugar in water is a solution at ordinary tempera- 
tures. Practically every true chemical reaction takes 
place in solution. Matter in the pure, homogeneous 
condition is inactive. It becomes active chem- 
ically only when in the presence of some other kind 
of matter, — » when in solution. Therefore, the sci- 
ence of chemistry is certainly not broader than the 
science of solutions. We shall now see that it is 
not nearly so broad. 

* Zeit. phys. Ghem., 6, 322 (1890). 
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The science of geology is largely a branch of 
the science of solutions. The rocks and minerals 
crystallize out of molten magmas, which are simply 
solutions at more elevated temperatures; or are 
deposited from true aqueous solutions, colloidal sus- 
pensions or mechanical suspensions. The weather- 
ing of the rockS; which is going on all over the 
surface of the earth, is the act of certain sub- 
stances, especially carbon dioxide, in solution. 

Take the various branches of biology. How 
many of them are not fundamentally dependent for 
their existence upon solution? Take physiology, 
both vegetable and animal; or pharmacology; and 
they are fundamentally dependent upon the science 
of solution. We often say without carbon no life. 
It would be just as true to say without solution 
no life. An animal can live much longer without 
adding carbon — without food — than without water. 
The importance of solution for biology is thus ob- 
vious; and certain branches of physics, such as that 
which deals with the primary cell, depend for their 
existence upon solutions. 

We can now see why a true theory of solution is 
of such fundamental importance. Solution is the 
condition of matter which underlies and determines 
chemical activity. If we are ever to have a real 
science of chemistry, we must first know the condi- 
tion of matter in solution; since it is solutions which 
give us chemistry. 

If we start with the Van't Hoflf relations between 
gases and solutions, supplement these by the theory 
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of electrolytic dissociation^ and then supplement 
both of the above by the theory of solvation in 
solution, we have a very satisfactory theory of 
solutions in general. 

The importance of a comprehensive and correct 
theory of solutions for the development of a real 
science of chemistry cannot easily be overestimated. 



CHAPTER X 

The Work of Wilheu^ Ostwald in Inaugurating 
THE New Era in Chemistry 

We have seen the nature of the generalizations 
that were introduced into chemistry by Van't Hofif 
and ArrheniuSy and we have gaiued some idea of 
the bearing of these upon the science. 

The discovery of a generalization is one things and 
its wide reaching application is another. 

The founding of a real science of chemistry from 
empiricism and system, using the generalizations 
of Guldberg and Waage, Berthelot, Willard Gibbs, 
Van't Hoffy Arrhenius, and his own, we owe almost 
single-handed to Wilhelm Ostwald. 

The calling of Ostwald at the age of thirty-five 
from Riga to the University of Leipzig, in 1887, is 
an important event in the history of chemical sci- 
ence. He had already done e3q)erimental work in 
chemistry which was fundamentally different from 
the conventional chemistry of that time; and this 
work attracted the attention especially of Johannes 
Wislicenus, who was then professor of chemistry 
in Ldpzig. 

Here, in this larger and more scientific atmosphere, 
Ostwald developed as he could never have done in 
the Polish city. It may truly be said of Ostwald 
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that when he came to Leipzig he found chemistry 
one thing; and when he left that great university 
he left chemistry another. 

He found chemistry a mixture of empiricism and 
system, as has been stated; and he left it wdl ad- 
vanced on the road to become a branch of exact 
science. Let us see how this was all done in about 
twenty years. % 

OstwM ihe Experimenter. — In studying the life 
and work of this great master we must study it in 
its two phases. First, we must examine some of 
his experimental work, to see its character and sig- 
nificance; and second, we must study Ostwald the 
organizer and founder of a new school of chemistry. 

Ostwald began his experimental work while in 
Riga, on the relative strengths of acids. He stud- 
ied their strengths by allowing them to act on acet- 
amid, to saponify methyl acetate, i.e., break it down 
into methyl alcohol and acetic acid, and to invert 
cane sugar. He then studied the property of aque- 
ous solutions of these same acids to conduct the 
electric current, and found that the one property 
ran parallel to the other. Conductivity and chem- 
ical activity were proportional to one another. 
But chemical activity is what we mean by the 
strengths of acids; therefore, electrical (Conductiv- 
ity was a measure of the strengths of acids. This 
same relation was discovered independently by 
Arrhenius. 

Ostwald did not limit this investigation to the 
common mineral acids, but extended it in a very 
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broad way to the organic acids. Indeed, he studied 
the conductivities of about two hundred and forty 
of the more common organic acids, and calculated 
from their electrical conductivities their dissocia- 
tions, by the well-known method of dividing the 
molecular conductivity at the dilution in question 
by the molecular conductivity at infinite dilution; 
or, as we say, at the dilution of complete dissociation. 
In this way Ostwald was able to determine the dis- 
sociations of acids at any dilution. 

Dilution Law. — It was quickly recognized that 
the percentage dissociation of electrolytes in general 
increases as the dilution of their solution increases. 
This was a purely qualitative statement. What 
he wanted to know was. How rapidly does disso- 
ciation increase with dilution? Is there any simple 
expression connecting the change in the dissociar 
tion with the change in the dilution of the solution? 

The only rational dilution law, even up to the 
present day, was discovered by Ostwald ^ in 1888, 
From the relations between gases and solutions, 
which had been pointed out a year before by Van't 
Hoff, and which are now so familiar to us, he de- 
duced the well-known Ostwald dilution law; which 
is so simple that it can be discussed in some detail 
within the scope of this work. 

If we represent the concentration of the solution, 
or the number of litres of it which contain a gram 
molecular weigiht of the dissolved electrolyte, by v, 
and the percentage dissociation of the solution by 

1 Zeit. phyB. Chem., 2, 136, 276 (1888); 8, 170 (1880). 
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X 9 the following is the expression of the dilution law 
of Ostwald: — 

x« 



(1 - x)v 



» constant 



The square of the dissociation; divided by one minus 
the dissociation, multiplied by the volume is equal 
to a constant. 

This expression was found to hold satisfactorily 
for weak acids, but did not hold for strongly dis- 
sociated electrolytes; and we do not have at pres- 
ent any dilution law worthy of the name which 
does hold for all classes of electrolytes. Further, 
this law of Ostwald has not only a good experimental 
basis, but can be deduced from thermodynamics. 
It has, therefore, a good physical and scientific 
basis, and this is more than can be said of any one 
of the many so-called dilution laws that have been 
subsequently proposed. No one of them has any 
physical basis. They have been established purely 
empirically, i.e., by cutting and trying; and like 
empirical relations in general, will probably disap- 
pear as soon as enough facts are brought to light 
which bear upon them. 

In connection with this work on the /dissociation 
of electrolytes, Ostwald overcame a difficulty which 
at first sight seemed to be really serious. If we wish 
to measure the dissociation of a strong electrolyte, 
that is, one which is greatly dissociated at any 
given dilution, we determine its molecular conduc- 
tivity at the dilution in question, then increase the 
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dilution of the solution until the molecular con- 
ductivity acquires a constant, maxiTnum value, 
which is the value at complete dissociation. We 
th^a divide the former by the latter and we have 
the dissociation desired. This is all very simple. 

If, however, the electrolyte is only weakly dis- 
sociated, the problem of measuring its dissociation 
is much more difficult. The dilution at which 
the dissociation would become complete would 
be so great that it would be impossible to apply 
the electrical conductivity method to it with any 
reasonable degree of acciu'acy. How was this dif- 
ficulty to be overcome? We must know the value 
of the molecular conductivity at complete disso- 
ciation, before we can calculate the dissociation at 
any dilution. 

It would lead us too far here to discuss in any 
detail the method that was worked out by Ostwald 
for solving this problem. It can only be referred 
to.^ Suffice it to say that the method as Ostwald 
gave it to us works so satisfactorily, that we can 
now measure the dissociation of a weak electrolyte 
just as acciu'ately and readily as we can that of a 
strongly dissociated substance. 

Ostwald' 8 Adaptation of KohlrauscKs Law. — 
The method still in use for measuring the conduc- 
tivity of solutions we owe to the physicist Friedrich 
Kohlrausch. He showed that the power of ions 
in solution to carry the current was a function of 
their numbers and the velocities with which they 

1 Lehrbuch d. allg. Chemie, Vol. II, p. 693. 
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move. The conductivity of any given substance 
was, then, a function of two constants, one depend- 
ing upon the cation and the other upon the anion. 
He showed that the maximum molecular conductiv- 
ity, which corresponds to complete dissociation, is 
the sum of these two constants. If we represent 
the maximum molecular conductivity by the sym- 
bol ft oo , and the two constants in question by c and 
o, we have — 

fioo ^ c + a 

This simple form of the Kohlrausch law was found to 
hold only for complete dissociation. 

Ostwald showed that by multiplying into this 
equation the value of the dissociation a , it could 
be made to hold for all dilutions — 

fA. = « (c + a) 

This has proved to be of great value, in that it has 
enabled us to use the conductivity method at all 
dilutions for determining the values of these con- 
stants for the various ions. These constants are 
primarily a function of the velocities with which 
the ions move. In determining the numerical val- 
ues of these constants, we therefore determine the 
relative velocities of the ions; and these values are 
of fundamental importance for chemical activity as 
well as for electrical conductivity. 

Ways in which Ions are Formed. — We have 
already spoken of Ostwald's work on the dissociar 
tion of electrolytes. Indeed, he was the most 
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ardent and successful champion of the theory of 
electrolytic dissociation from the time it was first 
proposed by Arrhenius. 

We are accustomed to think of ions being formed 
in one way, and in only one way. An electrolyte, 
%.e.y an acid, base, or salt, is thrown into a dissociat- 
ing solvent such as water or the alcohols; and it 
is broken down by the solvent in question into an 
equivalent number of positively charged parts or 
cations, and negatively charged parts or anions. 

It was Ostwald ^ who first showed that this is only 
one mode of ion formation, even if it is the most 
conmion method by which ions are formed. Another 
method is illustrated by the following reaction. 
Plimge a bar of zinc into a solution of a copper 
salt ; the copper is deposited upon the zinc bar, and 
some of the zinc dissolves. This illustrates the case 
of an ion holding its charges loosely (copper), giving 
them up to an ion which holds them more firmly 
(zinc), and which, therefore, takes them. This is 
what takes place whenever one metal replaces 
another metal from its compoimds; and is also 
strictly analogous to what occiu^ whenever an acid 
acts on a metal. An acid is nothing but a salt of 
hydrogen, and the hydrogen ion holds its charge 
very loosely; indeed, much less firmly than most of 
the metals. When a salt of hydrogen — an acid — is 
brought into the presence of a metal, the metal takes 
the charge from the hydrogen, becoming ionic; the 
hydrogen having lost its charge becomes atomic, 

^ Lehrbuch d. allg. Chemiei Vol. II, p. 786. 
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then molecular, and escapes. This is but a method 
of ion formation. 

Another way in which ions are formed is illustrated, 
as Ostwald points out, by such reactions as the fol- 
lowing. Chlorine gas dissolved in water is almost 
completely unionized, shown by the fact that its 
aqueous solution conducts the current very Uttle 
bett^ than pure water. A bar of gold plunged into 
water remains almost completely imionized and 
consequ^itly undissolved. When, however, a bar 
of gold is plunged into chlorine water the following 
takes place; the gold becomes a cation and the 
chlorine anions. In a word, the gold dissolves by 
passing from the metallic or atomic condition into 
the ionic, and the chlorine likewise passes from the 
atomic into the ionic condition. The one becomes 
cations and the other anions. This illustrates the 
condition where neither substance independently can 
form ions, but wh^i both are present one becomes 
cations and the other anions. 

The last mode of ion formation pointed out by 
Ostwald is, in some respects, the most interesting of 
the four. It illustrates one use of the term oxida- 
tion in chemistry. When chlorine gas is dissolved 
in wat^ it is, as we have seen, for the most part 
unionized. If conducted, on the other hand, into a 
solution of ferrous chloride, the chlorine passes 
over into an anion and the bivalent ferrous ion 
becomes trivalent. This is made possible by the 
ionization of the chlorine. The bivalent ferrous 
cation can become a trivalent ferric cation. 
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There are, thuSi at least tour distinct ways in 
which ions can be f ormed, and this was first pointed 
out by Ostwald.^ 

Absorption of Light by SolvJbiona. — The theory 
of electrolytic dissociation says that molecules of 
electrolytes in aqueous solution are brok^i down 
into charged parts or ions; the magnitude of the 
dissociation for any giv^i substance being a function 
of the dilution of the solution. In very dilute solu- 
tions the dissociation of strong acids, bases, and 
salts is practically complete. 

If a solution contains only ions, then all of the 
properties of such a solution are the properties of the 
ions and not of the molecules, since there are only 
ions present. Among the most obvious properties 
of solutions is their color. What relation exists 
between the color of solutions and their dissocia- 
tion? This question was asked and answered by 
Ostwald in a paper ' published in 1892; and in the 
following manner. 

He took solutions of the various salts of perman- 
ganic acid with colorless cations. Thus, potassium, 
sodiiun, ammonium, lithium, barium, magnesium, 
aluminium, zinc, etc., permanganates, should have 
exactly the same color as hydrogen permanganate; 
since the color of all of t hese salts is due solely to 
the permanganate anion Mn04. This was a con- 
clusion from the dissociation theory which could be 

^ See also my Elements of Physical Chemistry, 4th edition^ 
The Macmillan Company, N.Y. 
> Zdt. phys. Chem., 9, 579 (1892). 
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easily tested. Prepare solutions of all of these 
permanganates and see whether they had the same 
color or not. 

The eye, as has already been stated, is a very poor 
measure of color. Ostwald recognized this, and 
proceeded as follows. White light, after passing 
through the solution whose absorption spectra it 
was desired to study, was sent through a prism spec- 
troscope and then photographed. The wave lengths 
that were absorbed manifested themselves upon the 
photographic plate as dark lines or bands. The 
spectra for these various salts were photographed 
the one above the other, and the relative positions 
of these various lines and bands could be read off 
at once. It was found that all of the above named 
permanganates had exactly the same absorption 
lines and bands — had exactly the same color. Sim- 
ilar work was done with the salts of other acids 
having a colored anion, and similar results obtained. 

Then, salts of a base with a colored cation, with 
acids having a colorless anion, were studied. Thus, 
salts of pararosaniline, with a number of common 
acids organic and inorganic ; such as acetic, butyric, 
benzoic, hydrochloric, nitric, etc., were investigated. 

Results of the same character were obtained with 
these substances as with the permanganates. 
For any given base all of the salts had the same 
color, which is exactly what would have been pre- 
dicted from the dissociation theory. 

Ostwald extended these investigations to some 
three hundred compounds, and always obtained 



182 A NEW ERA IN CHEMISTRY 

results that were in keeping with the dissociation 
theory. 

Ostwald^a Theory of Indicaiors. — A natural out- 
come of this work was the theory of indicators pro- 
posed by Ostwald. Before this time indicators had 
been used largely mechanically. It was known 
that litmus in alkaline solution is blue and in acid 
solution is red; that phenolphthalein in acid is color- 
less and in alkaline is red, and so on. 

Ostwald worked out all of these color changes in 
terms of the theory of electrolytic dissociation, 
and gave us the theory of indicators, which, in all 
essential points, is the theory we hold and use today. 

Take the case of litmus. Why is it red in the 
presence of acids and blue in the presence of bases? 
In the presence of an acid the weak organic litmus 
acid is set free. Being a weak acid it is very little 
dissociated and its molecules are red. Thus, we 
have a red solution in the presence of acids. When 
a base is added, we have the salt of the base with the 
litmus acid formed; but a salt of even a weak acid 
is strongly dissociated. This salt dissociates at 
once, and sets free the anion of the litmus acid. 
This anion has a deep blue color. It is this anion 
which gives the characteristic blue color to alkaline 
solutions of litmus. 

Take phenolphthalein. This is a very weak 
organic acid, which means one that is practically 
undissociated, and its molecules are colorless. This 
explains the lack of color in solutions of phenol- 
phthalein to which an acid has been added. The mol- 
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ecules of the free phenolphthalein acid are set free 
and these are colorless. If a base is added to phe- 
nolphthalein, a salt of the base in question is formed, 
and this dissociates at once. When the salt dis- 
sociates, the anion of the phenolphthalein is set 
free, and this has the beautiful purplish-red color 
characteristic of phenolphthaldn. 

The color changes in the cases of other indicators 
were interpreted in an analogous manner. Al- 
though these views of Ostwald on indicators have 
been supplemented at some points by Stieghtz and 
others in an interesting way, they are in all essen- 
tial features correct; and the publication of this 
theory placed the whole subject of voliunetric 
analysis upon a far more exact and satisfactory 
basis. 

AUotropy. — It has long been known that many of 
the chemical elements exist in more than one form. 
Take oxygen. We have ordinary oxygen and we 
have ozone. Sulphur exists in two solid crystal- 
line forms; the orthorhombic or ordinary yellow 
sulphur, and the monochnic variety. Selenium 
exists in a large number of allotropic modifications. 
Phosphorus exists in at least four forms; ordinary 
red phosphorus, ordinary white phosphorus, really 
white phosphorus, and black phosphorus. Carbon 
exists in a great many forms. We have the dia- 
mond, graphite, and Moissan has found a large, 
variety of forms of amorphous carbon. Cohen has 
shown that many of the metals can exist in well- 
defined allotropic modifications. 
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Such axe some of the allotropic modifications of 
the elements as known to us today^ and in the 
future it is highly probable that a great many new 
examples of allotropy will be discovered. The facts 
of allotropy are interesting enough, but far more 
interesting and important is their explanation. 
This we owe to Ostwald. 

Oxygen and Ozone. — Take the case of oxygen and 
ozone. These two modifications of oxygen, as they 
are termed, differ widely in properties from one 
another. Except for the fact that they can be 
converted the one into the other, they differ more 
widely in properties than chlorine and bromine. 
Each of these forms of oxygen can be prepared from 
the other, and, as just stated, each can be con- 
verted into the other. Let us see how these trans- 
formations from one form to the other can be 
effected. 

If ordinary oxygen is sparked under certain con- 
ditions, ozone is formed. When an electric spark 
is passed through oxygen, electrical energy as such 
disappears, and the question arises. What becomes 
of it? Energy can be transformed only into energy. 
When energy disappears we must look for some 
other form of energy to appear in its place. Into 
what form of energy has the electrical energy which, 
in the above experiment disappeared, been trans- 
formed? We would suspect that it has been 
transformed into intrinsic energy. If this is true, 
then, ozone should contain more intrinsic energy 
than oxygen. Does it? 
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We have a means readily at hand for testing this 
question. If we bum a gram of carbon in oxygen 
we obtain a certain amoimt of carbon dioxide. If we 
bum a gram of the same kind of carbon in ozone 
we obtain the same amoimt of carbon dioxide, but 
what about the amount of heat liberated in the two 
eases? If oxygen and ozone contain the same 
amounts of intrinsic energy, then the amounts of 
heat set free in the two cases would be the same. If 
they contain different amounts of intrinsic energy, 
as would be suspected from the method of prepar- 
ing ozone from oxygen, then there would be different 
amounts of heat liberated when carbon is burned 
in oxygen and when burned in ozone. The fact is, 
very different amounts of heat are set free in the 
two cases. More heat is liberated when carbon is 
burned in ozone than when it is burned in oxygen. 
This would show that ozone contains more intrinsic 
energy than oxygen; the difference being expressed 
thermally by the difference in the amounts of heat 
set free in the two cases. This conclusion is in 
keeping with the fact that electrical energy is used 
up in forming ozone out of oxygen, and also with the 
further fact that when ozone is transformed directly 
into oxygen, heat is liberated. 

Ozone, tiien, contains the larger amount of 
intrinsic energy, and it is the more unstable and more 
active chemically. We shall see that this relation 
is a very general one; instability and chemical activ- 
ity being practically synonymous terms. This 
explanation of the allotropy of oxygen is in keeping 
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with all of the facts that are known in connection 
with this subject. How great an advance it is over 
the older attempt to explain the differences in the 
properties of these substances, can be seen by a 
glance at the older explanation, which said that the 
difference in the properties of oxygen and ozone is 
due to the fact that oxygen had only two atoms in 
the molecule and ozone three. This, we know today, 
explained nothing. They found these chemical 
and physical differences between oxygen and ozone, 
and they must be accounted for on the basis of some 
other difference between these two substances. 
Since both are gases their molecular weights could 
be determined. They found two atoms in the 
molecule of the one and three in the molecule of the 
other, and at once seized upon this physical differ- 
ence to account for the other chemical and physical 
differences manifested by these two substances. 

We know today, in tiie Ught of work which will 
be considered later, that the number of atoms in 
the molecule is rather a result than a cause of the 
difference between the properties of oxygen and 
ozone, and that this so-called explanation explains 
nothing. It was, however, the best that could be 
done at the time that it was proposed. 

Sulphur. — Take one more case of allotropy; that 
manifested by sulphur. We know sulphur in two 
soUd forms; one crystallizing in the orthorhombic 
and the other in the monoclinic system. Let us 
look at the facts in this case before attempting to 
explain them. 
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Orthorhombic sulphur is the more common f orm, 
stable at ordinary temperatures. When melted 
and allowed to cool slowly, it crystallizes in the 
monoclinic system, which is unstable at ordinary 
temperatures. If monoclinic sulphur is allowed to 
stand at ordinary temperatures, and especially if 
subjected to mechanical distiirbance, it passes over 
into the orthorhombic form with evolution of heat. 
Heat energy is consumed in passing from orthorhom- 
bic to monoclinic sulphur, and, of course, given back 
again when monoclinic sulphur returns to orthorhom- 
bic. What is the explanation of these facts? 

They all point to the conclusion that monoclinic 
sulphiur contains more intrinsic energy than ortho- 
rhombic. We have a direct method of testing this 
conclusion. If a gram of orthorhombic sulphur is 
burned in oxygen we get a certain amount of heat 
liberated. When a gram of monoclinic sulphur is 
burned in oxygen we get a much larger amount of 
heat set free. Since we get the same amount of the 
same oxides of sulphur in the two cases, this thermal 
difference is the expression of the difference between 
the amounts of intrinsic energy in these two modifi. 
cations of sulphur. 

The monoclinic sulphur contains the larger amount 
of intrinsic energy, is the more active chemically, 
and is the more unstable. Monoclinic sulphm* is, 
therefore, the analogue of ozone; while ortho- 
rhombic sulphur is the analogue of oxygen. 

Just what is meant by intrinsic energy, and how 
all of the properties of a substance, both chemical 
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and physical; are a function of the intrinsic energy 
present in the atoms and molecules of that sub- 
stance, will appear when we come to consider 
somewhat later the work of Sir J. J. Thomson on 
this subject. 

It should be noted that no attempt was made in 
the earUer days to explain the cause of the allot- 
ropy of sulphur. Not being gases they could not 
find out the number of atoms present in the mole- 
cules of either; and they had no explanation to offer 
in such cases as sulphur, phosphorus, carbon, and the 
like. We thus see what was meant by allotropy, 
and how it was dealt with by Ostwald, When we 
come to study the meaning of intrinsic energy we 
shall see the full significance of the allotropic modifi- 
cations of the elements. 

Chemical Action vrUhovi Contact. — It was, before 
the time of Ostwald, an unalterable principle of 
chemistry, that in order to have chemical action we 
must have mechanical contact. Things must be 
brought together in order that they may react 
chemically. Ostwald showed that this was a mis- 
conception; that we can have chemical action 
without mechanical contact, and that the real 
significance of bringmg things together in order that 
they may react chemically is not so much to secure 
mechanical contact as such, but electrical contact. 
He showed this by the following experiments. 

He took a bar of pure zinc and attached to it a 
piece of platimun wire. At the end of the platiniun 
wire he attached a piece of platinum foil to give a 
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large platinum surface. He inserted the bar of zinc 
into a glass tube closed at the bottom with a piece 
of parchment paper. The glass tube was filled with 
a solution of ammoniimi sulphate. The tube con- 
taining the zinc bar was plunged into a beaker 
filled with more of the same solution of ammoniiun 
sulphate. The platimun foil attached to the end 
of the platimun wire, which is, in turn, attached to 
the bar of zinc, rests on the bottom of the beaker. 

If sulphuric acid were added directly to the pure 
zinc it would attack the metal very dowly indeed, 
and very little hydrogen would be set free. If, on 
the other hand, the sulphuric acid is added to the 
platinum foil which is attached to the zinc, the acid 
in one vessel "acts" upon the zinc in the other, dis- 
solving it rapidly, and there is a copious evolution 
of hydrogen gas not on the zinc, but on the platinum. 
Zinc in one vessel dissolves in sulphuric acid in 
another vessel, and the two vessels may be any 
reasonable distance apart. This is obviously an 
example of chemical action between two things 
that do not touch; therefore, as Ostwald called it, 
of chemical action at a distance.^ Let us see what 
is the explanation of the above facts. 

When pure zinc is treated with sulphuric acid it 
dissolves very slowly, because zinc is one of those 
metals which has, as we say, a high solution tension. 
The meaning of this term will come out when we 
come to consider the work of Nemst on the action 
of the primary cell. It may be stated here that by 

^ Zdt. phys. Chem., 9, 640 (1802). 
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a metal with high solution tension is meant one 
which has at its surface a high pressure or force 
which acts so as to drive metal atoms off of the bar 
of metal, into the solution in the form of ions. 
Zinc has a very high solution tension, and tends to 
throw zinc ions off of the bar into the solution. The 
hydrogen ions of the acid cannot get up to the bar 
and give up their charge to it. Zinc cannot dissolve 
until hydrogen escapes; in terms of the well-known 
principle that we cannot have appreciably more 
cations than anions in a solution. Hydrogen cannot 
escape until it gives up its charge. It cannot give 
up its charge to the zinc because of the high solution 
tension of the zinc driving zinc ions into solution. 
Hydrogen cannot escape and zinc, therefore, can- 
not pass into solution. 

Platinum is a metal with a low solution tension. 
It, therefore, has very little tendency to throw ions 
into solution. Hydrogen ions can readily give up 
their charge to platinum. They do so and escape 
as ordinary hydrogen gas. The positive charge 
which they give up to the platinum is conducted 
over to the bar of zinc. The zinc atoms take up 
this charge, become ions, and pass into solution. 
This continues as long as there are any hydrogen 
ions present; as long, therefore, as there is any acid 
present. Zinc dissolves in an acid which does not 
touch it, and we, therefore, have chemical action 
at a distance. 

The above explanation makes it clear why impure 
zinc dissolves in acids and why pure zinc does not. 
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The impurities in zinc, copper, arsenic, etc., are 
metals with low solution tension, and these play 
the same r61e as the platiniun in the above described 
experiment. Being metals with low solution tension 
they allow the hydrogen of the acid to escape. 

We can now understand also why we add platinic 
chloride to an acid which is to act on pure zinc. 
The platinic chloride is decomposed by the zinc, 
setting free metallic platinum. This allows the 
hydrogen ions of the acid to give up their charge and 
escape as described above. 

The above experiment, then, illustrates a great 
many points of interest and importance. It is 
referred to here chiefly to illustrate chemical action 
at a distance. Another experiment was described 
by Ostwald in the same paper ^ in which the above 
was discussed, which also illustrates chemical action 
at a distance, but which also brings out a much more 
important principle, as we shall now see. 

Pour into a beaker an aqueous solution of pure, 
ferrous chloride, containing no trace of ferric chloride. 
Pour into another beaker a solution of pure potassium 
chloride, and connect the two beakers with a siphon 
filled with some of the aqueous solution of the 
potassiiun chloride. Insert a platinum electrode 
into each beaker, and connect the two electrodes 
externally through a galvanometer. Conduct chlo- 
rine gas into the solution of potassium chloride 
which siuTounds one of the electrodes and the 
following occurs: 

^ Zeit. phys. Chem., 9» 549 (1892). 
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The galvanometer shows a flow of electricity from 
the electrode surrounded by the potassiimi chloride 
into which chlorine gas has been conducted, over to 
the electrode surrounded by ferrous chloride. The 
ferrous chloride is rapidly transformed into ferric 
chloride, and this is the important point of the 
experiment. This transformation is effected by 
chlorine which does not come in contact with the 
ferrous chloride, and the experiment, therefore, 
illustrates chemical action at a distance; but this 
experiment bears directly upon a problem which is 
so much more fundamental for chemistry as a whole 
than the question of contact being necessaiy for 
chemical action, that we shall pass over at once to 
the consideration of this side of the experiment. 

Faraday^ 8 Law and Chemical Valence. — What is 
meant by the term chemical valence? This depends 
largely upon the individual who uses the term. 
Frequently, it is not defined at all and discussed 
without definition, with the inevitable result that 
the discussion leads nowhere, and ends just about 
where it begins. 

It was Wilhehn Ostwald who first showed the real 
significance of chemical valence; and the above 
experiment threw more Ught on this subject than 
any other experiment that has been carried out 
since Faraday discovered the law or laws which bear 
his name. Indeed, this experiment is, as we shaU 
see, fundamental to all discussion of valence, and 
any discussion which ignores it is defective. 

From his studies of electrolysis Michael Faraday, 
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in 1834, announced his two well-known laws. 
First, the amount of any given metal deposited in 
electrolysis was proportional to the amount of the 
current passed. This is not so important in the 
present connection. 

His second law is the one that is fundamental 
in the present connection. The amounts of metal 
deposited upon the electrodes, from salts of the 
different metals, by the same amount of current, are 
proportional to the atomic weights of the metals in 
question divided by their valences. Thus, the 
same amount of current that would deposit a gram 
atomic weight of silver (107.93 grams) would deposit 

a half gram atomic weight of zinc( -^ = 32.7 grams) 

112.4 \ 

' = 56.2 grams], or any other bi- 
valent element; and a third gram atomic weight of 
any trivalent element, and so on. 

What did this law, today so simple, direct, and 
obvious, mean in its bearing upon the whole subject 
of chemical valence? It required more than a half- 
century for chemists to see its significance, and 
Ostwald was the first to point it out comprehensively 
and clearly. 

The reason for this calls for a word of comment. 
Chemistry prior to the beginning of what we have 
called the ''New Era'' was at best systematic. 
This did not call for any extensive knowledge of 
physics or mathematics, and the chemists of that 
period were not very deeply interested in physical 
phenomena. Had more attention been given to 
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ph3rsics during that long period preceding 1887, 
it is almost certain that some one would have seen 
the significance of Faraday's law for chemistry; in 
that it lies at the basis of all valence, before 
Ostwald pointed it out at the very end of the last 
century. 

This condition is fortunately all changed now. 
No one today can study the science of chemistry 
without a good knowledge of elementary mathe- 
matics, and some knowledge of at least differential 
and integral calculus, any more than he can study 
the science of physics without a previous training 
in these subjects. 

A imivalent element, as Ostwald points out, is 
one that carries one imit charge of electricity, a 
bivalent element is one that carries two such charges, 
a trivalent element three such charges, an n valent 
element n such charges, and so on. Chemical 
valence is, then, nothing but the chemical expression 
of Faraday's law, or the number of unit electrical 
charges carried by an ion. Exactly what is meant 
by a unit electrical charge will appear when we come 
to consider the work of Sir J. J. Thomson. 

If the above conception of chemical valence is 
correct, then we ought to be able to change the 
valence of an ion by adding electricity to it, or by 
removing electricity from it. It is right here that 
the last described experiment becomes so important. 
We raise the valence of the ferrous iron from two 
to the valence of ferric iron which is three, and how 
do we do it? By adding an electrical charge to it; 
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and we do it in such a way that we can say with 
certainty that nothing else takes place. The chlorine 
on one side of the above described system passes 
into ions, by taking negative electricity from the 
platinum electrode surrounded by the potassium 
chloride into which the chlorine gas is conducted. 
The chlorine taking negative electricity from the 
metal leaves the latter charged positively. This posi- 
tive electricity flows around to the other electrode, 
as is shown by the deflection of the galvanometer 
through which it is made to pass in the circuit. 
The electrode surrounded by the ferrous ions now 
becomes charged positively. The ferrous ions, each 
with two positive charges upon them, take another 
charge and pass over into the ferric condition; 
where, as we know, each iron ion carries three posi- 
tive charges of electricity. 

We have thus synthesized chemical valence and 
out of what? Out of electricity; and we have done 
it in such a way as to leave no question of doubt. 
In this experiment it seems practically certain that 
nothing else has taken place in the iron except the 
addition of one electrical charge, and we have trans- 
formed the ferrous into ferric iron. 

This is probably the most direct experiment bear- 
ing on the nature of chemical valence since the exper- 
iments carried out by Faraday, which led him to the 
discovery of his second law. 

We can now deal with chemical valence in a 
rational way, since it has thus been placed upon a 
definite, physical basis; and since we can give a good 
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phsrsical definition of the term we are using. All 
of this we owe primarily to Ostwald. 

Catalyzers. — The terms catalyzers and catalysis 
have been used ever since the time of Berzelius, 
who discovered the phenomenon which they are 
meant to describe. The term catalyzer means 
something which affects a chemical reaction by its 
presence alone, that is, without entering into the 
reaction. A fairly large number of catalyzers were 
discovered by Berzelius, and by those who came 
after him; but the whole subject had become 
more or less inexact and uncertain until it was 
taken up by Ostwald. 

He pointed out that there are many reactions 
that are apparently catalytic, which are really 
not catalytic at all. The substance which accelerates 
or retards the reaction may, or may not enter into 
the reaction. If it does not enter into the reaction 
we have a truly catalytic process to deal with. The 
substance is a true catalyzer. 

True and Pseudocatalyzers. — The accelerator or 
retarder of the reaction may, on the other hand, 
enter into the reaction, form compounds with the 
reacting substances, and then split off again and come 
out of the reaction in apparently the same condition 
as it was before it entered into the reaction. Such 
substances are not true catalyzers, but were called 
by Ostwald pseudocatalyzers, or false catalyzers. 
He went farther and pointed out methods based 
upon the order of the reaction in question, of deter- 
mining in any given case whether a substance was a 



WORK OF WILHELM OSTWALD 197 

true or a pseudocatalyzer; whether a given reaction 
was a truly catalytic one or pseudocatalytic. 

Ostwald discovered many of the laws to which 
catalytic reactions conform. A catalyzer cannot 
start a reaction. It can only accelerate or retard the 
velocity of a reaction which is already taking place. 

AtUocaUdyzers. — Certain substances contain con- 
stituents which act as catalyzers on the remainder 
of the compound. Such compounds thus catalyze 
themselves, as it were. For such reactions Ostwald 
introduced a term which has now come into general 
use. He called them autocatalytic ^ reactions. 

Catalysis and (he Chemical Industries. — The 
importance of catalysis is just beginning to make 
itself felt. This is true for chemical science, and 
especially true for the chemical industries. We 
need only recall the ''contact'^ method of making 
sulphuric acid. Hot platinum and other substances 
act catalytically in causing sulphur dioxide and 
oxygen to combine and form sulphur trioxide, the 
basis of sulphuric acid. This method has largely 
supplanted the older methods for making sulphuric 
acid. 

Fixation of Nitrogen. — One of the greatest prob- 
lems in the chemical industries today is the so-called 
' ' fixation " of nitrogen. This means the conversion of 
the free nitrogen of the air into compounds which 
can be used by plants. We all know of the catalytic 
method discovered by Haber for effecting this 
combination. 

^ Ber. each. Acad., 189 (1890). 
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Nitrogen and hydrogen under high pressure, that 
is, both gases very concentrated; are heated to about 
500**, in the presence of some catalyzer, such as 
metallic uranium, iron carbide, etc. The nitrogen 
and the hydrogen combine and form ammonia, 
which is the essential step in the process. This 
method competes with those based upon the burn- 
ing of the nitrogen of the air in the oxygen, by 
passing an electrical discharge through the mixture. 

These are just a case or two in point. Many other 
applications of catalysis to the chemical industries 
have already been made, and it is safe to predict 
that we have thus far only touched the outskirts 
of this field. 

Characteristics of Ostwald the Experimenter. — 
Such are a few, and a very few, of the many lines 
of experimental work which were carried out 
by Ostwald, while connected with the University 
of Leipzig. This one characteristic is most 
pronounced in all of his experimental work. He 
saw what was essential for the development of 
the science, and he devised experimental meth- 
ods for attacking and solving these fundamental 
problems. 

We shall see that the strongest side of Ostwald is 
that of the organizer and founder of a new school of 
chemistry. The organizer above all others must see 
what is important, essential, and fimdamental. He 
must be able to cull these out from the scientific 
chaff. This was done by Ostwald as it has probably 
never been done by any one else in chemistry. The 
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experiments and investigations that were planned 
and directed by him in what he calls '^Die gute 
Zeit/' that is, when in the old laboratory in Brilder- 
strasse in Leipzig, were fundamental. The question 
to be answered was almost always one that had 
vitally to do with one or another of the newer 
phases of chemistry. 

The quantity of the experimental work that was 
done by Ostwald and his collaborators, between the 
time that he was called to Leipzig in 1887, and say, 
1897, is simply appalling. A glance through his 
Journal, the Zeitschrif t fur physikalische Chemie, 
during this period, taking into account only the 
papers published imder his own name, would give 
no idea of the investigations which he suggested 
and directed during this period. The work of his 
assistants and students, which was originated and 
guided by him, was practically all published under 
the names of the students alone, with the usual 
acknowledgement to Ostwald at the ends of the 
papers. This custom, which is even today so rare 
in scientific laboratories, shows the broad minded- 
ness and unselfishness which are characteristic of 
this truly great man. To gain any adequate con- 
ception of the work done in the old Bruderstrasse 
laboratory during the ten years referred to, we must 
look not only at the names of the authors, but at 
the place from which the papers were written. This 
work has been collected and published in several 
large volumes. It is not too much to say that the 
experimental foundation for the new chemistry was 
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laid during the ten years in question in Ostwald's 
old laboratory in Leipzig. 

The amount of the work done was largely due to 
the influence of Ostwald's example. I have never 
seen his working power equalled. He could work, 
intensely, for more hours than any one I have ever 
known. This spirit of work extended from the 
leader to most of his coworkers. 

Ostwald (he Founder and Organizer of a School 
of Chemistry. — We have gained some idea of the 
variety and importance of the experimental work 
of Ostwald. His greatest achievement, however, 
is, as has already been stated, undoubtedly as 
an organizer and founder of a new school of 
chemistry. 

The chemists, from Berthelot to Arrhenius and 
Van't Ho£F, had been bringing to light generalization 
after generaUzation which were to be the comer- 
stones of the new chemistry. The discovery of 
these generalizations was one thing, but the appli- 
cations of them to the facts of chemistry was another. 
Without Ostwald, with his imiquely comprehensive 
grasp of the facts of chemistry, and with his organiz- 
ing mind, it is safe to predict that the full meaning 
of these generaUzations for chemistry would not 
have been seen even at the present time. Without 
Ostwald, the development of the new school of 
chemistry would have been delayed for an indefinite 
period. As so often happens the right man comes 
at the right time ; or perhaps the right time develops 
the right man. The result is, as we well know, that 
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chemistry today differs not simply in degree, but 
largely in kind, from chemistry prior to 1887. 

The Founding of the Zeitschrift fur phyaikaliache 
Chemie. — One of the first important things that 
Ostwalddid after he came to Leipzig, was to fomid the 
Journal which was to be the official organ of the new 
school of chemistry. The first volume of the Zeit- 
schrift ftir physikalische Chemie appeared in 1887, 
and contained the two epoch-making papers already 
referred to; * the one by Van't Hoff on the relations 
between solutions and gases, and the other by 
Arrhenius on the theory of electrolytic dissociation. 

It is worthy of note that the first volume of this 
Journal should contain the two papers, which were 
to play the most important r61e in the development 
of the science of which the Journal was to be the 
official and leading exponent. 

The first number of the Zeitschrift contained a 
portrait of Robert Bimsen, of whom Ostwald has 
always been an ardent admirer. The Zeitschrift was 
edited by Ostwald and Van't Hoff, with the coopera- 
tion of Berthelot, Briihl, Camelley, Le Chatelier, 
Guldberg, Waage, Horstmann, Landolt, Lehmann, 
Mendel^ff, Menschutkin, Lothar Meyer, Victor 
Meyer, Nilson, Pettersson, Pfaundler, Ramsay, 
Raoult, Schiff, Spring, Thomsen, and Thorpe. 

Of these twenty-two men eight are still liv- 
ing, and are still serving as cooperators of the 
Zeitschrift. These are: Le Chatelier, Horstmann, 

^ Translated into English by myself in volume IV of ''Science 
Memoirs,'' edited by Ames and published by the Amer. Book Co. 
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Lehmann, Pettersson, Pfaundler, Ramsay, Schi£F, 
and Thorpe. This serves to show how near we are 
in reality to the beginning of the new era in chem- 
istry. The number of cooperators of the Zeit- 
schrift is still twenty-two. 

The first volume of the Zeitsehrif t fur physikal- 
ische Chemie contains 678 pages. The third year, 
i.e., in 1889, it grew to two volumes, with 616 and 
680 pages respectively. This, however, soon proved 
to be insuflScient to accommodate the rapidly- 
growing science, and in 1894 three volumes a year 
were published. This rate was continued until 
1905, when it was found necessary to publish a 
fourth volume. The Zeitsehrif t appears now at the 
rate of from four to five large volumes of between 
six and seven himdred pages each, every year. 

Such a growth of a purely scientific journal in 
twenty-five years has no parallel in the history of the 
physical sciences. It is now in its eighty-second 
volume. 

A few words from the introduction to the first 
volume, explaining the aim and scope of the then 
new Journal, may not be uninteresting, especially 
considering the unparalleled growth and develop- 
ment of the new branch of science and of the Zeit- 
schrift itself. It was taken by Ostwald from a 
speech by du Bois-Reymond in which he greeted 
Landolt as a new member of the Prussian Academy 
of Sciences; Landolt being the Professor of Physical 
Chemistry in the University of Berlin. Only a few 
excerpts will be given. 
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''In contrast with modem chemistry we can call 
physical chemistry the chemistry of the future." 
This was spoken by du Bois-Rejrmond in June, 1882. 
After praising the older structural chemistry, he 
calls attention to the importance of studying thermal 
changes, volume changes, changes in refractivity, 
etc., in order ever to have a really exact science of 
chemistry, and then adds, ''When will this aim be 
reached? Who can say? Perhaps that Newton is 
now training his youthful powers in school; perhaps 
after several hundred years our successors may be 
as far as we are from transforming chemistry into 
mechanics. The way to begin this transformation 
is perfectly clear. Together with the further develop- 
ment of structural chemistry, we must zealously 
tiU the field of physical chemistry in a somewhat 
broader sense. Mathematical, physical, and optical 
crystallography y refraction, and dispersion {pi light), 
natural and magnetic circular polarization of lights 
spectrum analysis; thermochemistry vrith the mechanr- 
ical theory of gases and dissociation (of gases) ; electro- 
chemistry, especially since we have the electrochemical 
dualism; finally, the science of diffusion, to which 
belong absorption and solution; we must combine aU 
of these and many others to form a complete picture of 
molecular processes* This must all be accomplished 
before we can say that what the alchemists called 
'The great work,' is done." 

Did du Bois-Re3rmond live today, and could he 
see what has already been accomplished in so many 
directions, he would conclude that while "The great 
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work" has not by any means been finished, yet it is 
well under way; and while we cannot say that we 
have one chemical Newton; we had, at the time 
he was speaking, three men in training for the 
"great work." These were Van't Hoflf, Arrhenius, 
and Ostwald. 

Text-Books by Wilhelm Ostwald. — Ostwald early 
recognized that an essential step in having the 
newer developments in chemistry recognized was to 
bring them together in systematic form. 

Lehrhuch der AUgemeinen Chemie. — The first 
volume of his "Lehrbuch der AUgemeinen Chemie" 
(Text-book of General Chemistry) was published in 
1885, while still in Riga. The second volume 
appeared in 1887, just when he came to Leipzig. 
This systematic summary of what was then known 
attracted immediate attention. The only compre- 
hensive work then existing in the field of theoretical 
chemistry was Lothar Meyer's book, "Die Modeme 
Theorien der Chemie." (The Modem Theories of 
Chemistry.) 

This work by Ostwald differed in many respects in 
kind from that of Meyer, and chemists saw in it the 
dawn of a new day. 

The subject developed so rapidly that this first 
edition quickly became out of date, and Ostwald in 
1891 published the first volume of the revised and 
greatly enlarged second edition. The second volume 
appeared in 1893, and the third in 1896. 

This second edition has never been, and prob- 
ably never will be completed. The subject grew 
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at such a rate that the first volumes were hope- 
lessly out of date before the last part of the sub- 
ject could be written. 

The subject of physical or general chemistry , has 
now become so immense, that it is absolutely im- 
possible for any one to write an exhaustive text-book 
covering it. No one knows this better than Ost- 
wald, and here the work of the organizer comes in. 

He has arranged now to bring out a ^'Hand- 
buch der AUgemeinen Chemie" (Hand-Book of 
General Chemistry), of about twenty large volumes; 
and has associated with himself in this task most of 
the leading men in the subject in Europe. This, 
when finished, will be a colossal work; the most 
elaborate, and probably the most important work 
that has ever been published dealing with chemical 
subjects. Its influence on the futiu^ development 
of the subject is sure to be of the very greatest. 

Grundrias der AUgemeinen Chemie. — A smaller 
work, the "Grundriss der AUgemeinen Chemie" 
(Principles of General Chemistry) was brought out 
for the benefit of those who did not have the time or 
the inclination to use the larger book. There was 
one experiment described in this smaller book which 
at once attracted world-wide attention. Take two 
beakers and add to each of them an aqueous solu- 
tion of potassium chloride. Connect the two 
beakers with a siphon filled with some of the solu- 
tion of potassium chloride. Now bring up to one of 
the beakers a charged body, say a condenser charged 
n^atively. This will attract, electrostatically, the 
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positively charged potassium ions, and repel the 
negatively charged chlorine ions. The result would 
be an excess of positive ions in the beaker next to 
the charged body, and an excess of negative ions in 
the beaker away from it. Remove the siphon 
and trap the excess of cations in the one beaker and 
the excess of anions in the other. Into the beaker 
containing the excess of potassium ions, introduce a 
platinum wire and connect this to earth. The excess 
of potassium ions will lose their charge and, being 
atomic, will act on water. The result would be a lib- 
eration of hydrogen gas around the platinum wire. 

Ostwald says one chemist wrote him that he had 
tried this experiment and that it did not work. 
He was not able to see any hydrogen given oflf. 

Everything that Ostwald said about this experi- 
ment undoubtedly takes place, as he afterwards 
showed.^ The point is, that imder the conditions 
under which the experiment would be normally 
carried out, there would not be enough hydrogen 
liberated to be seen; especially since hydrogen is 
soluble in water to a very appreciable extent. 

Ostwald calculated the size of the hollow metallic 
condenser, which would be necessary, under the 
conditions of this experiment, to liberate enough 
hydrogen to be dealt with. He showed that it would 
have to be a hollow cube of metal whose edge was a 
kilometer in length. In a word, it would have to 
be a cubical metal box whose vertical edge would 
be three-fifths of a mile high. 

^ Zeit. phys. Chem., z, 120 (1889). 
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This experiment, however, served its purpose, 
to demonstrate the presence of free ions. It was 
thought by those who had not followed the newer 
developments that these were all very well as far as 
physical chemistry is concerned, but that they had 
no direct or important bearing on general chemistry. 
This was more or less natural. 

Physical chemistry was looked upon as something 
distinct and apart from general chemistry. 

Orundlinien der Anorganischen Chemie. — This 
wholly erroneous impression was corrected by the 
appearance of Ostwald's "Grundlinien der Anorgan- 
ischen Chemie.'' In this work he applied the generali- 
zations of physical chemistry to descriptive inorganic 
chemistry, and showed that through them, and 
through them alone, there was a possibility of a 
science of general chemistry. 

Ostwald took the view that it is undesirable for 
the student to learn the older chemistry of atoms and 
molecules for a year or two, and then try to forget 
all this and think in terms of ionic chemistry. He 
thought it was better for the student to begin in 
the right way and learn what was true from the 
very outset. 

This is all the more desirable, since the persist- 
ence of first impressions is well known. If the 
student starts out wrong, and learns at first what we 
today know is not true, he is crippled for life. He 
may struggle to get rid of these fij^t impressions, but 
he will never entirely succeed. 

The question then arises, why start a student in 
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the wrong channels, with the intention of subse- 
quently correcting him? The answer has been, 
for the sake of simplicity. Atomic chemistry is 
simpler than ionic. It is easier to think of an un- 
changed atom^ than of an atom carrying a charge 
of electricity. This is true; but it raises the ques- 
tion^ whether simplicity is the chief aim in teach- 
ing any branch of science. Especially is this the 
case when it is a question of simplicity versus truth. 
Ostwald points out the fact that, as any branch 
of science develops it makes greater and greater 
demands upon its students. 

Physics has long since passed beyond the purely 
descriptive stage, and the teacher of elementary 
physics must face the science as it is and he does so. 
The same student is usually at the same time a 
beginner in chemistry and a beginner in physics. 
Why should the teacher of elementary chemistry 
not assume the same mental qualifications as the 
teacher of elementary physics, when they are both 
dealing with the same student? 

Ostwald also shows that while modem chem- 
istry makes greater demands upon the reasoning 
powers, it taxes the memory much less than the 
older, purely descriptive chemistry; and, further, 
scientific chemistry is much more interesting, and 
gives rise to a much higher order of intellectual 
pleasure and development. 

The aim of this book by Ostwald was, then, no 
less than to raise general chemistry from the level 
of empiricism and a purely descriptive branch of 
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science, to that of a real science. This book has had 
a wide influence, has been extensively translated, 
and, all things considered, it is certainly the most 
important work in its field that has been published 
for at least a half-century. 

Wisaenachaftlichen Grundlagen der Analytischen 
Chemie. — As early as 1894 Ostwald had taken up 
the subject of analjrtical chemistry from the newer 
standpoints in his ''Wissenschafthchen Grundlagen 
der Analytischen Chemie.'' (Scientific Foundations 
of Analytical Chemistry.) The influence of this 
book on analytical chemistry is today more pro- 
nounced than when it was first published. 

Physiko-Chemische Measungen. — Physical chem- 
ical methods grew in number and perfection, and 
it seemed desirable to bring them together and 
discuss them from one standpoint. So many of 
these had been devised by Ostwald that it was 
highly desirable that the laboratory manual should 
be written by him. The revised and enlarged 
edition, which we use today, the ''Ostwald-Luther 
Physiko-Chemische Messungen '' (Physical Chemical 
Measurement), is the result. 

Therrnodynamiache Siudien von WiUard GSiba. — 
Then, in addition to being the most prolific scientific 
writer of his day, Ostwald found time to edit and to 
translate. The fact has already been mentioned 
that he translated into German the papers of our 
countryman, Willard Gibbs; under the title "Ther- 
modynamische Studien von Willard Gibbs," and 
thus acquainted Europe with Gibbs. Gibbs had 
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published his great work in the Proceedings of 
the Connecticut Academy of Sciences," which is not 
frequently seen; and here it remained until Ostwald 
translated it into German. From the appearance 
of this translation Gibbs' fame was world wide. 
It became apparent that Gibbs had already in 1878 
done, by means of thermodynamics, all that Helm- 
holtz did independently in 1882, and very much 
more. This was really the introduction to Europe 
of Willard Gibbs, who has since come to be ranked 
by many as the first American man of science. 

KlassiJcer der Exakten Wissenschaften. — Ostwald, 
in connection with founding the new school of 
chemistry, had read very extensively not only the 
literature of chemistry, but of science in general. 
Indeed, I have never met any one whose grasp of the 
literature of science is equal to his. In doing so, 
he had become impressed with the fact that the 
epoch-making papers of science, the great science 
classics, were widely scattered. Many of them were 
published in out of the way places, and some of 
them in languages not read by the general scien- 
tific world. It was, therefore, obviously desirable 
that these great key-stones in science should be 
made accessible to men and students of science in 
general. 

This thought led to the publication of the '^Elas- 
siker der Exakten Wissenschaften," of which some 
184 volmnes have now appeared. In this series are 
the epoch-making papers not only of chemistry, but 
of physics, mathematics, etc. Ostwald continued 
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the editorship of these '^Klassiker," until pressure 
of work compelled him to hand it over to another. 

EUktrochemie Ihre Geschichte und Lehre. — The 
above is by no means an enumeration of all of 
Ostwald's books. We have not even mentioned 
his enormous ^'Elektrochemie ihre Geschichte und 
Lehre/' of 1150 large pages. 

Overthrow of Scientific Materialism. — A paper 
appeared by Ostwald in 1895^ bearing the above 
title/ which was destined to make a deep impression. 
He did not mean to discuss, under this heading, the 
subject usually treated under it; disclaiming at the 
very outset that he had any theological thought in 
mind. 

What was the subject discussed, and why is the 
paper an important one? 

We had been accustomed to look upon the objec- 
tive universe as made up of two entities; matter 
and energy. These were the two things that we 
knew, and the only two. Ostwald pointed out that 
we look upon these two supposed entities in about 
the foUowmg manner: What we know is matter, and 
what we imagine is energy. This was natural in 
the historical development of things. We studied 
matter first and then energy; and it was only 
natural that we should come to lay the most stress 
upon what we thought we knew best. 

The most important point brought out in the 
above-named paper by Ostwald was this: What we 
really know, and all that we can know through our 

> Zeit. phys. Chem., 18| 306 (1805). 
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senses as we are at present constituted, are energy and 
changes in energy. The question arises, where did 
our conception of matter come from? Purely from 
the imaginaUon. We cannot measure matter, we 
cannot deal with it even qualitatively. Then why 
was it created by the imagination? Simply to have 
something to which to attach the various manifesta- 
tions of energy. We could not, at that time, think 
of energy in the abstract. We did not then know 
that energy alone, electrical energy, can have both 
mass and inertia. We must have something to 
which to attach the energy, and something which 
would have the well-known properties of mass and 
inertia; and this something we created out of our 
imagination and called it matter. 

This paper by Ostwald, then, put so-called matter 
and energy in the proper perspective; and its sig- 
nificance is greatly increased by the fact that sub- 
sequent work by Sir J. J. Thomson and others has 
made it highly probably that matter, as we have 
ordinarily used that term, does not exist at all. 
More of this a little later. 

Energetics. — This brings us to the most important 
single contribution of Ostwald to science in general, 
and to the science of chemistry in particular. Why 
do chemical reactions take place at all? Why do 
any two substances react? These are, of course, 
fundamental questions for the chemist to ask. 
They are often not asked at all. There are text- 
books in chemistry in use today, in which they are 
not even raised, and these are among the most 
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fundamental and elementary questions of chemical 
science. Why do sodium and chlorine react, and 
oxygen and fluorine not react? 

It was Ostwald who first gave a clear and com- 
prehensive answer to such questions. When do 
two bodies *'act" electrically? They must be 
charged to different electrical potentials, and must 
be connected by a conductor of electricity. Two 
bodies, to react chemically, must contain intrinsic 
energy at different chemical potentials. When 
such bodies are brought together, a part of the 
intrinsic energy of one or both is transformed into 
heat, or some other form of energy such as light or 
electricity; but usually into heat; and the matter 
arranges itself in such new forms of combination 
as are stable under the new conditions. This 
shows the direct analogy between an electrical act 
and a chemical act; and, furthermore, shows what is 
the real cause of all chemical action. It is the rela- 
tive intrinsic energies of the things brought together; 
and the material rearrangements that take place 
in consequence of these energy changes are of purely 
subordinate importance. 

Ostwald thus showed what was fundamental and 
what ,was of subordinate importance in chemical 
reactions, and showed it clearly for the first time. 

It was Berthelot and Julius Thomsen who first 
studied quantitatively the energy changes that take 
place in chemical reactions, and Berthelot who first 
deduced important consequences from the results. 
It, however, remained for Ostwald to see and point 
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out the relation of the changes in energy to the 
chemical reaction itself. It was Ostwald who first 
showed that the study of all of the energy changes in 
chemical reactions is absolutely essential to the 
foundation of a science of chemistry; in that these 
are the matters of fundamental significance; the 
material changes being as already stated of purely 
subordinate importance. The energy changes are 
the cause of all chemical reactions. 

In concluding this chapter on Wilhelm Ostwald 
the chemist and man of science, a few words of 
a general character might be added. He carried 
out directly and through his cooperators an 
enormous amount of most valuable experimental 
work; but his greatest work is as an organizer and 
founder of a new school of chemistry. His in- 
fluence in this direction has never been surpassed, 
if it has ever been equalled, in the whole history of 
chemistry. The kind of work which Ostwald did is 
the kind that requires time to value properly. It 
would be expecting too much to think that chemists 
in general would turn at once from empiricism and 
system to science. 

The transition has, however, taken place with 
marvelous rapidity, and this we owe more than to 
all others to Wilhelm Ostwald. The next fifty 
years will properly evaluate the work of Ostwald 
the experimenter and organizer. 



CHAPTER XI 
Initestigations by Students and Coworkers 

OF WiLHELBi OSTWALD AND A FeW OtHERS 

We have now studied the great generalizations 
that have transformed chemistry from empiricism 
and system into science. We have seen what these 
generaUzations are, and by whom they have been 
discovered. We have further seen how they have 
been applied to the facts of chemistry almost single 
handed by Wilhelm Ostwald. 

The development of physical or general chemistry 
has consisted in further applications of these generali- 
zations in many directions, which has brought to 
light many new and important relations. Some 
of these more recent developments will now be 
considered. 

ApparaJbaa of Beckmann. — The French chemist, 
Raoult,^ had studied quantitatively the lowering of 
the freezing-points of solvents produced by dissolved 
substances. He had found, by working with a 
large number of solvents and a large number of 
dissolved substances, that the freezing-point lower- 
ing of any solvent by any dissolved substance is 
proportional to the ratio between the number of 
parts of the solvent and of the dissolved substance. 

1 Ann. Chim. Phys. [5], 38, 137 (1883); [6], 2, 66 (1884). 
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He formulated his so-caUed law as follows: ''If 
one molecule of any given substance is dissolved 
in say one hundred molecules of a solvent; the 
freezing-point of the solvent is lowered a constant 
amount; which is approximately 0.63®." 

This was evidently an arithmetical property; a 
property which depended only on the ratio between 
the number of parts of the solvent and of the dis- 
solved substance. These are the properties which 
are most worthy of careful study. When any 
given property changes with every change in com- 
position, and changes with every change in the 
constitution of the compound, then, any relations 
which may come out as the result of its study are 
almost certain to be purely empirical; and being 
empirical will probably disappear as soon as enough 
facts are brou^t to light which bear upon them. 

Whenever an arithmetical property is discovered, 
it should be studied with thoroughness and with 
the greatest care; since it is through the study of 
such properties that science is advanced. 

Whenever we dissolve certain substances in a 
Uquid solvent, the boiling-point of that solvent is 
raised. This is a general property of dissolved sub- 
stances, provided the dissolved substance boils not 
less than 130® above the boiling-point of the solvent. 

Raoult ^ showed that this is also an additive 
property. The rise in the boiling-point of a solvent 
by a dissolved substance depends only on the ratio 
between the number of parts of the solvent and of 

1 Ann. Chim. Pbys. [6], IQ, 375 (1888). 
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the dissolved substance. Raoult formulated the 
law thus: "One ^ molecule of any non volatile sub- 
stance, when dissolved in one hundred molecules of 
any volatile solvent, lowers the vapor pressure 
(raises the boilii^g-point) of this liquid by a nearly 
constant fraction of itself. This fraction is approx- 
imately 0.0105." It is, of course, self-evident that 
lowering of vapor tension and rise in boiling-point 
are proportional to one another. 

The three fundamental properties of solutions are 
lowering of freezing-point, lowering of vapor tension, 
and osmotic pressure. We have already studied 
osmotic pressure, and have seen how it is being 
accurately measured. We shall now see how Beck- 
mann measured the lowering of the freezing-point, 
and the lowering of the vapor tension or rise in the 
boiling-point. 

Beckmann Thermometer. — The key to Beckmann's 
work is the devising of an accurate and sensitive 
thermometer. The peculiar feature of the Beckmann 
thermometer is the fact that it has a very large 
bulb at the bottom, and a mercury reservoir at the 
top. More or less mercury can thus be introduced 
into the bulb, and the freezing-point or the boiling- 
point of the solvent can be so adjusted as to fall at 
any desired place upon the scale. This thermometer 
is usuaUy made with a bulb so large that the entire 
scale has a range of only five or six degrees, and is 
graduated to roir of a degree. The thermometer 
can, however, be made far more sensitive than this. 

1 Zdt. phys. Chem., 2, 372 (1888). 
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The writer owns one with an entire range of scale of 
only 0.6^, and which is graduated to tttW of a d^ree. 
With a lens it is quite simple to read the scale to 
10000 of a degree. This is the thermometer which 
I used in Ostwald's laboratory ^ for measuring the 
dissociation of electrolytes. This thermometer was 
of the Beckmann tyi)e, and was simply enlarged to 
make it more sensitive. 

Freezing-paint Apparatus. — The apparatus which 
was devised by Beckmann' for determining the 
freezing-points of solutions and solvents was so 
simple as to call for very little comment. It con- 
sisted essentiaUy of two test-tubes, the one within 
the other, and an ample air-space between the two. 
This whole system was then inserted in a freezing 
mixture having the desired temperature. 

Boiling-point Apparatus. — The determination 
of the boiling-point with a fair degree of accuracy, 
is a much more difficult matter than the measiu'e- 
ment of the freezing-point of a solvent. This is 
due to the fact that the boiling-points of the solvents 
used in this work are more widely removed from 
ordinary temperatures than their freezing-points, 
and especially because the boiling-point of a liquid 
is so greatly affected by any changes in the baromet- 
ric pressure. This will be seen at once from the 
definition of boiling-point, as the temperature at 
which the vapor tension of the liquid just overcomes 
the superincumbent pressure. The boiling-point, 

1 Zeit. phys. Chem., 11, 110, 529 (1893); 12, 639 (1893). 
> Ibid., % 638 (1888). 
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therefore, changes as this superincumbent pressure 
changes. A change of a millimeter in the barometer 
changes the boiling-point of methyl or ethyl alcohol 
about 0.04 of a degree. The changes in tempera- 
ture which we have to measure by this method are 
always small, and are sometimes very small. The 
greatest accuracy must, . therefore, be secured in 
measuring such changes. 

Beckmann ^ devised a large number of forms of 
apparatus for measuring boiling-points. Some of 
these are fairly efficient. Others are too complex for 
general practical use. 

Various means were devised by Beckmann for 
protecting the boiling liquids and solutions from the 
eflfect of radiation on to the colder object round 
about. Double jacketed apparatus containing more 
of the same boiling liquid was used. 

It must, however, be said that in no one of the 
forms of apparatus devised by Beckmann does 
there seem to have been sufficient and effective 
protection against radiation. The long heat waves 
pass through glass and boiling liquids without any 
serious difficulty. 

To protect the bulb of the thermometer from loss 
of heat by radiation, it must be surrounded by a 
metal heated to the same temperature as itself. 

This is readily accomplished by a form of appa- 
ratus ' which has been used in this laboratory for the 

' Zeit. phys. Chem., 4, 544 (1889); 8, 226 (1891); 18, 473 (1896); 
82, 609 (1897); 89, 129, 385 (1902); 67, 129 (1907). 
* Amer. Chem. Joum., 19, 581 (1897). 
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past fifteen years. It consists simply in surround- 
ing the bulb of the thermometer with a cylinder of 
platinum. This being inunersed in the boiling liquid, 
is heated to exactly the same temperature las the 
bulb of the thermometer, which is the ideal condi- 
tion. The metal radiates back on to the bulb of 
the thermometer just as much heat as it receives 
from the bulb, and thus the e£Fect of radiation is 
practically eliminated. 

This platiniun cylinder also serves another very 
useful purpose. It cuts o£F from the bulb of the th^- 
mometer the recondensed solvent, until it has passed 
down through the boiling li(|uid and been reheated 
to the boiling-point. This is a very important 
point, and one that is not taken into account in any 
form of apparatus devised by Beckmann. 

Molecular Weights of Dissolved Substances. — The 
freezing-point and boiling-point apparatus of Beck- 
mann made these two methods generally useful in 
the laboratory for two pmposes. Any arithmetical 
property can be used to determine numbers; or 
knowing numbers, can be used to determine relative 
molecular weights. The determination of molec- 
ular weights of substances in solution was the 
first general application of these methods. A num- 
ber of solvents were used with the freezing-point 
method, and a much larger number with the boiling- 
point method. Substances in general in solvents 
in general were, then, studied by one or both of the 
above-named methods as to the weights of their 
molecules in solution. 
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It was foxind that while certain solvents like ace- 
tone had the power of polymerizing dissolved sub- 
stances, in most solvents the dissolved substances 
were in the simplest molecular condition. The 
physical molecule in solution corresponded to the 
simplest chemical molecule. 

Hiis is the condition of substances in the form of 
vapor. The physical molecule is the simplest 
chemical molecule. This was, then, independent 
evidence for another relation between solutions and 
gases. 

Dissociation of Electrolytes. — The more important 
application of the freezing-point and boiling-point 
methods, however, was not to the problem of the 
molecular weights of dissolved substances, but to 
the dissociation of electrolytes in solution. The 
freezing-point method has been applied extensively 
to the dissociation of electrolytes in aqueous solu- 
tion, to see whether the same or different results 
would be obtained than when the conductivity 
method was used. It was foimd that the dissocia- 
tion as measured by the freezing-point method was 
slightly greater than when measured by conductiv- 
ity.^ This was shown to be a necessary consequence 
of the solvate theory of solution; this conclusion hav- 
ing been reached from the theory before a single 
experiment was tried. The application of the 
boiling-point method to the problem of electrolytic 
dissociation was quite as important as the applica- 
tion of the freezing-point method. The conductiv- 

1 Amer. Chem. Journ., 88, 683 (1907). 
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ity method, in the early stages of the work, could 
not be used for measuring dissociation in even such 
a solvent as ordinary alcohol. The boiling-point 
method was, at that time, the only one available 
for this purpose. This method as left by Beckmann 
could not be used for this purpose, but has since 
been so improved ^ that it can now be employed to 
measure dissociation with a very fair d^ree of 
accuracy in non-aqueous solvents. 

There has been an enormous amoimt of work done 
with both the freezing-point and the boiling-point 
methods. They have been used in solving a great 
variety of questions, and in throwing light on a 
large number of problems. The use of these methods 
we owe primarily to the thermometer devised by 
Beckmann, who has shown unusual skill in design- 
ing apparatus in general. 

Inveatigaiions of Paul W olden. — No one of Ost- 
wald's coworkers has attacked a greater variety 
of problems, or worked on them more successfully, 
than Paul Walden. The earlier work in the new 
field of chemistry had to do primarily with aqueous 
solutions. This was natural. Water is not only the 
most common solvent, but is the most general sol- 
vent known to man. It is easy to obtain water of 
a high degree of purity, and it is the solvent which 
gives us our chemistry of today. There, however, 
came a time when the more fundamental properties 
of aqueous solutions began to be pretty well under- 

^ Amer. Chem. Joum., 19, 753 (1897); Zdt. phys. CSiein., 81, 
114 (1899). 
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stood. As soon as this was the case, the question 
arose, What about non-aqueous solutions? Do the 
relations that had abready been discovered for aque- 
ous solutions hold for solutions in solvents other 
than water? Such questions could be answered only 
by a systematic study of non-aqueous solutions. 

Liquid Svlphur Dioxide. — One of the first to 
undertake this work was Paul Walden.^ As early 
as 1900 he worked with liquid sulphur dioxide as a 
solvent. He measured the conductivities of a 
niunber of salts in sulphur dioxide, and showed 
that they were from one-fourth to one-half the cor- 
responding values in water. Walden extended this 
investigation to a large number of other inorganic 
solvents,* and showed that sulphur dichloride, phos- 
phorus oxychloride, arsenic trichloride, and antimony 
trichloride have marked dissociating power; while 
phosphorus trichloride, antimony pentachloride, 
silicon tetrachloride, sulphur trioxide, and bromine 
have very little dissociating power indeed. 

Liquid Hydrocyanic Acid. — Centnerszwer, work- 
ing with Walden, carried out an elaborate investi- 
gation in liquid cyanogen and in liquid hydrocyanic 
acid as solvents. It was found that liquid cyanogen 
has very little dissociating power. Liquid hydro- 
cyanic acid has, on the contrary, very great disso- 
ciating power. Indeed, its dissociating power is 
greater than that of water itself. The case of hydro- 
cyanic acid was a specially interesting one. It was 

1 Zeit. anorg. Chem., 26, 209 (1900); 89, 371 (1902). 
> Zdt. phys. Chem., 89, 217 (1902). 
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pointed out first by Sir J. J. Thomson, that the dis- 
sociating power of liquids should stand in the same 
order as their dielectric constants, or specific induc- 
tive capacities. When it was shown that liquid 
hydrocyanic acid had greater dissociating power 
than water/the question arose, What about the value 
of its dielectric constant? This was determined and 
found to be about 95; the dielectric constant of 
water, under the same conditions, being about 78. 
The case of Uquid hydrocyanic acid, instead of 
being an exception to the above deduction from the 
theory of electrolytic dissociation, fell right in line 
with that conclusion. 

Ahnarmal Electrolytes. — Walden* found some 
very remarkable results in certain inorganic sol- 
vents such as sulphur dioxide and arsenic trichloride. 
When certain substances which are neither acids, 
bases, nor salts are dissolved in these solvents they 
show marked conductivity. The substances in 
question are; tin, sulphur, phosphorus, arsenic, 
antimony, chlorine, bromine, and iodine. These 
Walden called '^abnormal electrolytes." 

They are certainly "abnormal," for it is very diflfi- 
cult to see how they could break down into cations 
and anions in the presence of a liquid solvent, being 
themselves elementary. About the way in which 
such elements dissociate in solution, we know 
at present practically nothing. 

Organic Solvents. — Walden, after having studied 
more inorganic solvents than all other investigators, 

^ Zeit. phys. Chem., 48, 385 (1903). 
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took up a great number of organic solvents.^ He 
studied examples of nearly every type of carbon 
compound which can possibly be used as a solvent, 
and has thrown more light on the physical chem- 
istry of these substances than all other workers 
together. The lindts of this book will not permit of 
any detailed discussion of the results that have been 
obtained. Suffice it to state, that a large number 
of interesting and important relations between 
electrical conductivity in these solvents and other 
properties have been brought to light. 

The work of Paul Walden is as old as the ^'Zeit- 
schrift fiir physikalische Chemie'' itself. The very 
first voliune contains a paper by him, and he has 
been a constant contributor to it up to the present. 
Paul Walden has been, and is one of the most indus- 
trious workers among the younger generation of 
physical chemists; and his contributions to the 
development of the science are among the most 
important. 

Work of WdUer Nemst — Among the earlier 
"Docenten" in Ostwald's laboratory was Nemst. 
He came into Ostwald's laboratory after Van't 
Hoff had discovered the relations between solutions 
and gases, and Arrhenius had pointed out the dis- 
sociation theory. Nemst's first important work 
was the application of these generalizations to the 
problem of the primary cell. 

The Primary CeU. — The primary cell had been 

' Zdt. phys. Chem., 46» 103 (1903); 64» 129 (1906); W, 207, 
182, 682 (1906). 
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discovered by the ItaUans Galvani, and Volta, about 
one hundred years before that time. It was dis- 
covered quite one hundred years before its action 
was fully understood. Much that had been written 
about the primary cell was Uttle more than words. 
When Nemst took up the problem, there was still a 
difference in opinion among physicists as to what 
is the chief source of the electromotive force in pri- 
mary cells. There are three possibilities. It might 
be at the contact of the two metal electrodes with 
one another. It might be at the contact of the 
two electrolytes with one another, or it might be at 
the surfaces of contact of the two electrodes with 
the two electrolytes. 

Some held that the chief source of the electro- 
motive force was at the surface of contact of the 
two metals; others, that it was at the contact of 
the two electrolytes; and others still, that the seat 
of the energy was the contact of the electrodes with 
the electrolytes. 

Some Ught on the action of the primary cell as a 
whole was thrown by Willard Gibbs in this country, 
and later by Helmholtz in Germany, from their 
thermodynamic investigations, as has already been 
mentioned. Neither of them, however, was able to 
take the primary cell to pieces, as it were, and deter- 
mine just how much of the electromotive force 
came from one place, and just how much from 
another. This was left for Nemst, and was made 
possible by the generalizations which had already 
been discovered by Van't Hoff and Arrhenius. 
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This woik of Nemst is so technical and mathe- 
matical, that it is impossible to go into it in any 
detail in this little book.^ The best that can be 
done here is to give some idea of how he attacked 
the problem, and the f imdamental principles of which 
he made use. 

A primary cell may be regarded as two metals, 
each surrounded by an aqueous solution of one of 
its own salts; the two metals being connected, and 
the two solutions connected by a siphon fiUed with 
one of the solutions. 

Solulionr4ensi<m8 of (he Metals. — Given a bar of 
metal, say zinc, surrounded by an aqueous solution 
of some zinc salt. There are, according to Nemst, 
two forces operative at the surface of the zinc. 
The osmotic pressure of the zinc ions in the solution, 
tending to drive the zinc out of solution on to the 
bar, and a force which Nemst calls the solution- 
tension of the metal, which tends to drive the metal 
ions off of the bar into the solution. These two 
forces oppose one another. 

When the metal throws ions into the solution it 
becomes charged negatively, since the metal ions 
always carry a positive charge of electricity. When 
metal ions separate from the solution on to the bar 
of metal, they give up their positive charges to the 
bar, and the metal electrode thus becomes charged 
positively. 

Whether a bar of metal loses or receives ions 

^ For a discussion of this work see my "Elements of Physical 
Chemistry/' 4th ed., pp. 446<475 (MacmiDan's, N.Y.). 
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depends upon whether the solution-tension is, or is 
not, great enough to overcome the counter force — 
the osmotic pressure of the metal ions in the solu- 
tion. In constructing a primary cell we must, 
therefore, choose one metal with a very high solu- 
tion-tension, like zinc ; and another metal with a very 
low solution-tension, like copper. The zinc in such 
a cell is, then, always negative; because it loses 
cations to the solution of zinc salt. The copper is 
always positive because it receives cations from 
the solution of the copper salt. The result is, that 
in such a cell, which is nothing but a Daniell cell, 
if we use zinc sulphate around the zinc bar and 
copper sulphate around the copper bar, the current 
always flows on the outside from the copper to Ihe 
zinc. 

It is not possible, within the scope of this work, 
to discuss in any detail this investigation by Nemst, 
as already stated. It may be said that the prob- 
lem of the simpler forms of primary cells was 
solved by Nemst. The chief source of the electro- 
motive force is at the surfaces of contact of the 
electrodes with the electrolytes. There is a small 
source of electromotive force at the contact of the 
two electrolytes with one another; and when two 
different metals are used as the electrodes, where 
these come in contact there is another small source 
of electromotive force. The magnitude of each of 
these, for any given cell, was carefully worked out. 

This method of attacking the problem of the pri- 
mary cell is limited to those cells whose electrodes 
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are surrounded by solutions of their own salts. 
The only primary cell capable of yielding any appre- 
ciable amount of electrical energy, which fulfills 
this condition, is the Daniell cell. This method, 
therefore, cannot be appUed to those primary cells 
which were for a long time the chief sources of elec- 
tricity in the laboratory. It, however, threw much 
light on the nature of the primary cell, and showed 
the r61e played by the ions in its action. 

SolvbUUy InvestigoMons. — Nemst, while working 
with Ostwald, also threw light on the nature of a 
saturated solution. He showed that in a solution 
saturated with respect to ions, the product of the 
number of cations times the number of anions is a 
constant. Let us take a saturated solution of, say, 
sodiiun chloride, and conduct in dry, hydrochloric 
acid gas. This, when it dissolves in the water, is 
ionized and yields more chlorine ions. The solu- 
tion is already saturated with chlorine ions, and the 
product of the chlorine ions present, times the so- 
dium ions present, is equal to a constant. In order 
that the number of chlorine ions should be increased, 
the number of the sodium ions in the solution must 
be diminished. This is accomplished as follows. 
Some of the sodium ions combine with some of the 
chlorine and reform molecular sodium chloride. 
The solution is, however, already saturated, and the 
sodium chloride thus formed must be precipitated. 

This is the well-known fact. When dry, hydro- 
chloric acid gas is conducted into a saturated solu- 
tion of, say, sodium chloride, a part of the salt is 
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precipitated. The salt that is precipitated is pure, 
and this is the very best method of purifying a salt 
like sodium chloride. Nemst showed what the mean- 
ing of this process is, and then went much farther. 
He ^ used the method of the change in the solubility 
of a salt produced by adding another salt with a 
common ion, to measure the dissociation of the sec- 
ond salt. Extensive experimental application of 
this method has been made by A. A. Noyes ^ who 
has subsequently cast some doubt on the rigidity 
of the so-called solubility principle. 

Thermodynamica. — It is impossible to say at pres- 
ent how extensive and serviceable applications can 
be made to chemistry of the recent thermodynamic 
relations pointed out by Nemst. They seem to have 
theoretical justification, but do not appear to hold 
when appUed to the facts of experiment. His work, 
dealing with the specific heats of substances at low 
temperatures, is certainly interesting. 

Electrochemical Investigations of Le Blanc. — The 
whole subject of electrochemistry has come very 
much to the front in the last decade or two. In- 
deed, twenty-five years ago we hardly knew what 
was meant by the subject of electrochemistry. A 
few electrolytic separations of the metals were made 
in an empirical way, without knowing why the vari- 
ous steps were taken, or what were the underlying 
principles involved. Electrometallurgy was then 
almost unheard of, and the electrosynthesis of 

1 Zdt. phyB. Chem., 4, 372 (1889); S6, 152 (1898). 
' Ibid., % 241 (1890); 9, 603 (1892); 1% 125 (1895). 
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compounds not even dreamed of. Quantitative 
analysis is now largely changed, as far as the deter- 
minations of the metals are concerned. Electro- 
metallurgy is a new industry, and electrosynthesis 
very much to the front in the chemical industries. 

What has brought about such a revolution in the 
condition of things in the short period of a quarter 
of a century? No one piece of work has contrib- 
uted more in this direction than the investigation of 
Le Blanc now about to be discussed. 

Decomposition Vdhies of Ions. — All cations carry 
a positive charge, and all anions a negative charge. 
While all of the cations carry a positive charge, they 
do not all carry the same amount of positive elec- 
tricity. Faraday's law, as we have seen, tells us 
that univalent ions carry one positive charge, bi- 
valent ions two positive charges, etc. 

Further, and this is the important point in the 
present connection, ions of the same valence do not 
hold their charge or charges with the same firmness. 
Indeed, every ion holds its charge with a degree of 
finnness which is characteristic of the ion in ques- 
tion. Thus, potassium holds its charge with a 
di£ferent degree of firmness, as we say, from calcium, 
which, in turn, is different from zinc, and so on. 

The problem which Le Blanc solved, while work- 
ing in Ostwald's laboratory, was what voltage is re- 
quired to discharge the charge from the various 
ions. He * solved this problem by seeing what was 
the smallest voltage that would just cause a con- 

1 Zeit. phys. Chem., 8, 299 (1891). 
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tinuous current to flow through the solution of the 
electrolyte. He worked out the decompositian values 
of the ions, as he termed the values found; and these 
values had significance in more directions than could 
possibly have been foreseen. 

Decomposition Values and the Theory of EUcbroU 
ysis. — One of the first results of Le Blanc's work 
on decomposition values, was to overthrow the erro- 
neous theory of electrolysis which had held sway for 
more than a half-century. This old theory of elec- 
trolysis was the outcome of the Clausius theory, 
to which reference has already been made. Take 
the electrolysis of an acid. What took place? Hy- 
drogen was liberated at one pole and oxygen at the 
other. Where did these gases come from? 

Older Theory of Electrolysis. — The hydrogen ions 
from the acid moved over to the cathode, gave up 
their charges, and escaped as hydrogen gas. The 
anion of the acid moved over to the anode, gave up 
its charge and not being volatile could not escape. 
Take nitric acid; the NOs anion moved over to the 
anode, gave up its charge, and then ''acted on" 
water, reforming nitric acid and liberating the oxy- 
gen from the water. 

Take the case of a base. What took place in the 
electrolysis of say potassium hydroxide? The hy- 
droxyl ions moved over to the anode, gave up their 
charge, and then the two hydroxyl groups reacted 
with one another forming a molecule of water and 
liberating oxygen gas which escaped. The potas- 
sium cation moved over to the cathode, gave up its 
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charge, and then ^' acted on" water, refonmng potas- 
sium hydroxide and liberating hydrogen gas. 

Take the electrolysis of a salt like potassium 
nitrate. What took place? The potassium ion 
went over to the cathode, gave up its charge, and 
"acted on'' water, reforming potassium hydroxide 
and liberating hydrogen gas. The NOs anion went 
over to the anode, gave up its charge, and then 
"acted on" water, reforming nitric acid and liber- 
ating oxygen. 

Older Theory of Electrolysis Erroneous. — This 
was the old theory of electrolysis, which held sway 
for more than half a centiuy, and which can be 
shown at a glance to be a redv4Aio ad ahsurdum. 
It contains within itself its own destruction. Take 
the explanation of the electrolysis of a salt like 
potassium nitrate. The potassium ion goes to the 
cathode, gives up its charge, and then "acts on" 
water. What does this mean? It means that the 
potassium ion finds aroimd the cathode hydrogen 
cations from the dissociated water. Which kind of 
cations is going to give up their charge to the 
cathode. Obviously the kind that hold their 
charges less firmly. The old theory said that it 
was the potassium ions which gave up their charge 
at the cathode. Therefore, the potassium ions must 
hold their charges less firmly than the hydrogen 
ions, otherwise the hydrogen and not the potassium 
would have given up their chaises. The old 
theory makes the potassium ion give up its charge 
because it holds it less firmly than the hydrogen 
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ion from the dissociated water; and then makes the 
metallic potassiimi go over and ''act on" water; 
which means take the chaise from the hydrogen ion 
that came from the water, and which must hold 
its charge more firmly than the potassium, other- 
wise the hydrogen and not the potassium would have 
given up its charge originally. The old theory thus 
leads to an absiu'dity at the cathode. 

Take the condition around the anode. What 
happens? The NOs goes over to the anode, and finds 
there hydroxyl ions from the dissociated water. 
Which will give up its charge? Obviously the one 
that holds its charge less firmly. The old theory 
says the NOs gives up its charge. The NOi must, 
therefore, hold its charge less firmly than hydroxyl. 
After the NOs has discharged, then the old theory 
has it "acting on" water. What does this mean? 
It means that it takes the charge from the hydroxyl 
ions from the dissociated water. But the hydro^l 
ions must hold their charge more firmly than NQi; 
otherwise hydroxyl and not NOs would have given 
up its chaxge originally. This old theory thus 
leads to an absurdity also around the anode. 

The old theory of electrolysis, which is still re- 
tained in certain places as a satisfactory explanation 
of the facts, thus leads to an absurdity as to what 
takes place around the cathode; and to an equal 
absiu'dity as to what takes place aroimd the anode, 
and, therefore, must be rejected as entirely untenable. 

It is one thing to show that the old theory of elec- 
trolysis is untenable, and another to show what is 
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the correct theory of electrolysis. The work of 
Le Blanc does this in a most convincing manner^ 
and this is why this work and electrolysis are taken 
up together in this place. 

New Theory of Electrolysis. — The present theory 
of electrolysis will be stated first, and then the 
results obtained by Le Blanc given^ in so far as they 
bear ou the theory. 

Take the electrolysis of an acid. What takes 
place? The hydrogen ions from the acid go over to 
the cathode and find there hydrogen ions from the 
dissociated water. Both give up their charge; it 
being impossible to say whether it is the hydrogen 
from the water or from the acid which loses its charge 
first, since all ions of a given kind, say hydrogen, 
are supposed to hold their charge with equal firm- 
ness. At the anode, the anions, say NOs, find the 
hydroxyl anions from the ^dissociated water. The 
hydroxy!, and not the NOa, gives up its charge. 
The NOs simply remains around the anode, paired 
off against the hydrogen cations which came from 
the same molecules of water as the hydroxyl which 
discharged their charge to this pole and then reacted 
with one another, forming water and liberating 
oxygen. 

In terms of this theory, the electrolysis of an aque- 
ous solution of anracid is nothing but the electrol- 
ysis of the ions of ^ater, i.e., hydrogen and hydroxyl; 
the concentration of the hydrogen ions being essen- 
tially those of the acid in question, and the concen- 
tration of the hydroxyl ions being that which exists 
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in water due to its dissociation. If we use solutions 
of diflferent acids having the same concentrations 
of hydrogen ions, then, in terms of this theory, 
their decomposition values ought to be the same; 
since it is simply the decomposition of hydrogen 
ions aroimd the cathode «and hydroxyl ions around 
the anode, of certain definite concentrations. 

Decomposition Values and the Electrolysis of an 
Add. — We shall now see how the decomposition 
values f oimd by Le Blanc confirm the above deduc- 
tion from theory. Using normal solutions of strong 
acids, which contain in a given volume hydrogen 
ion concentration of the same order of magnitude, 
he found the following decomposition values.^ 

Decomposition 
Add Valve 

Sulphuric 1.67 volts 

Nitric 1.69 " 

Phosphoric 1.70 " 

Monochloracetic 1.72 " 

Dichloracetic 1.66 " 

The constant decomposition values for acids is thus 
in keeping with the present theory of the electroly^ 
of acids. 

Take the electrolysis of bases. What takes place? 
The hydroxyl ions from the dissociated base move 
over to the anode. They find there hydroxyl ions 
from the dissociated water; and it is impossible to 
say which hydroxyl ions lose their charge. Prob- 
ably all of them do; but since there are so many 

1 Zdt. phys. Chem., 8, 315 (1891). 
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more hydroxyl ions from the base than from the 
water, we need take into accomit only the former. 
The cation of the base, say potassiimd, goes over to 
the cathode and finds there hydrogen cations from 
the dissociated water. The latter give up their 
charge because they hold it less firmly than the 
potassium does. The potassium cation then simply 
remains paired off against the hydroxyl anions that 
came from the same molecule of water as the hydro- 
gen which escaped. 

DecomposiHon Values and the Electrolysis of 
Bases. — If this view of the electrolysis of a base 
is correct, it consists simply in the electrolysis of 
hydrogen ions of the concentration at which they 
exist in water, and hydroxyl ions of the concentra- 
tion of the base. By using strong bases of the same 
concentrations, we have a constant concentration of 
the hydroxyl ions; and the hydrogen ions being of 
the concentration at which they exist in water, 
which is practically constant, we should have the 
same decomposition values shown by these bases. 
We shall now see what are the facts; using normal 
solutions of bases.^ 

DecompomJkUm 
Base Vaive 

Sodium hydroxide 1.69 volts 

Potassium hydroxide 1.67 '' 

Ammonium hydroxide 1.74 " 

We thus see that the decomposition values of strong 
bases of the same concentration are a constant. 

^ Zeit. phys. Chem., 8, 315 (1891). 
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Another relation comes out when we compare the 
decomposition values of acids and bases. For the 
same concentrations each iS; as we have seen, a 
constant. More remarkable, however, is the fact 
that they are the same constant. How do we explain 
this? Very easily. A normal solution of a strong 
acid contains just as many hydrogen ions as a nor- 
mal solution of a strong base contains hydroxyl 
ions. The decomposition value is proportional to 
the product of the number of hydroxyl ions present 
times the number of hydrogen ions. In the case of 
the normal solutions of the strong acids and bases 
named above, this product is a constant for every 
acid and every base, and, therefore, the acids and 
bases have the same decomposition values. 

Take the electrolysis of a salt such as potassium 
nitrate. The potassium cation moves over to the 
cathode, and finds there hydrogen ions from the dis- 
sociated water. The hydrogen ion, holding its chaise 
less firmly than the potassium, gives it up. The 
potassium remains paired oS against the hydroxyl 
that came from the same molecule of water as the 
hydrogen which escaped. At the anode the NOs 
ions find the hydroxyl ions from the dissociated 
water. The hydroxyls, holding their charges less 
firmly, give themup, form water and oxygen which 
escapes. The NO3 remains paired oS against the 
hydrogen that came from the same molecules of 
water as the hydroxyls which have discharged. 

Decomposition Values and the Electrolysis of Salts. 
— If this conception of what takes place in the 
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electrolysis of a salt is correct, then the decomposi- 
tion vsdue of a salt is the voltage required to dis- 
charge hydrogen ions at the concentration at which 
they exist in an aqueous solution of a salt of given 
concentration; and of the hydroxyl ions at the con- 
centration at which they exist in the aqueous solu- 
tion of the salt. In the electrolysis of a salt the 
hydroxyl ions are continually increasing in numbers 
around the cathode, and this drives back the dis- 
sociation of the water around this pole; it being a 
general principle that the presence of a common ion 
drives back the dissociation which yields this ion. 
When water dissociates it yields hydroxyl ions. 
The presence of hydroxyl ions around the cathode, 
therefore, diminishes the dissociation of water 
which yields the hydroxyl ions. 

In a similar manner the hydrogen ions collect 
around the anode, o^d this drives back around this 
pole the dissociation of the water which yields 
also hydrogen ions. The result is a diminution in 
the number of hydrogen ions around the cathode, 
and of hydroxyl ions around the anode, and a con- 
sequent increase in the decomposition value of the 
salt. 

The experimental results obtained by Le Blanc 
showed larger decomposition values for salts ^ than 
for acids or bases. 

1 Zeit. phys. Chem., % 311 (1891). 
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Deeomposition 
SaU Value 

Ammonium nitrate 2.06 volts 

Sodium nitrate 2.15 " 

Sodium sulphate 2.21 " 

Potassium nitrate 2.17 " 

Potassium sulphate 2.20 ** 

Calcium chloride 1.89 " 

Calcium nitrate 2.11 '* 

Strontium chloride 2.01 " 

Strontium nitrate 2.28 " 

Barium chloride 1.99 " 

Barium nitrate 2.25 '* 

The experimental results thus confirm the conclu- 
sion from the theory of electrolysis that we hold 
today. 

The essential di£Ference between the old theory 
of electrolysis which we must now discard; and the 
new theory iS; that the former represents the decom- 
position of water as a secondary act. The water is 
not decomposed directly by the current, but in- 
directly by the products of the electrolysis. Thus, 
potassium ions give up their charge and then ''act 
on" water. 

Primary and Secondary Decomposition of Water 
in Electrolysis. — The new theory of electrolysis 
represents the decomposition of the water as a pri- 
mary act of the current. It is the hydrogen and 
hydroxyl ions of the water that are themselves dis- 
charged directly by the current. 

If it is the water which is decomposed directly 
by the current, then the question arises, Why add 
an add, base, or salt to it in electrolysis? We add 
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the electrolyte to make the water '^conducting/' 
just as they supposed nearly a hundred years ago. 
When the ions of the electrolyte reach the poles, 
their part in the electrolysis is played. They, in 
general; simply remain around the poles paired off 
against the ions from the dissociated water which 
have the opposite charge; and this illustrates what 
frequently occurs in science. Nearly a hundred 
years ago, when electrolysis was first studied, they 
said that an electrolyte was added to the water to 
make it "conducting." Then the theory of elec- 
trolynis which we know today is fundamentally 
wrong, came into prominence; and this theory 
claimed that the electrolyte itself was electrolyzed 
or decomposed. Now we know that it is the water 
which is decomposed, and that they were right a 
hundred years ago; the electrolyte being added 
simply to make the water "conducting." The ear- 
lier view was in all essential points correct./ 

The same relation is illustrated by the history of 
the electrochemical theory of Berzelius. It was put 
into the background and treated as of only historical 
interest for nearly a century, due to an erroneous 
interpretation of facts which were really its strong- 
est support. Sir J. J. Thomson showed the real 
meaning of these facts, and the fundamental truth 
of BerzeUus' theory, viz., that chemical action is 
essentially electrical action, is once more recognized.^ 

The decomposition values as worked out by Le 

^ See author's Elements of Ebysical Chemistry/' 4th ed., p. 351 
(Macmfllan's, N.Y.). 
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Blanc bore on more questions than simply the 
nature of electrolysis. He showed that every 
given ion requires to discharge it a definite voltage, 
which is characteristic of the ion in question. Sup- 
pose we have mixtures of several kinds of cations 
— mixtures of several salts; by suitably choosing 
the voltage we can effect quantitative separations 
of these substances from one another. Tlie result 
has been a f imdamental change in the methods of 
quantitative analysis of the metals within the last 
twenty years. We now effect electrolytic separa- 
tions of nearly any metal from any other metal by 
means of the current; by suitably choosing the 
voltage and amperage. We owe this application 
of the differences in the decomposition values to 
Classen in Europe and especially to Edgar F. Smith 
in this country. We can gain a fair conception of 
the nimiber of separations that can thus be effected 
by consulting the works of Classen ^ and of Smith;* 
that deal with this subject, f 

Work of Georg Bredig on Colloidal Suspensions. — 
The question of colloids and colloidal chemistry 
has come very much to the front in the last few 
years. While the scope of this book will not 
allow any detailed discussion of this subject, yet 
a few of the leading investigations in this field wiU 
be considered. 

Method of Making Colloidal Suspensions of the 
Metals. — Bredig devised a method for preparing 

^ Quantitative Chemical Analysis by Electrolysis. 
' Electrochemical Analysis. 
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colloidal solutions or suspensions of the metals, 
which has proved to be a general one as far as the 
most insoluble metals are concerned.^ This method 
consisted in taking two bars of the metal in ques- 
tion; bringing them near together under water, and 
passing an electric discharge between the bars under 
the water. The metal in question is torn off under 
these conditions in a finely divided state, and re- 
mains suspended in the water as a colloidal suspen- 
sion. The liquid is wine-colored, and when seen 
under a strong microscope looks perfectly homo- 
geneous. By this method colloidal suspensions of 
platinum, iridium, gold, silver cadmium, and nearly 
all of the metals that do not act on water, have been 
prepared. 

Colloidal StLspensiona of the Metals are Catalyzers. 
— The colloidal suspensions of the metals were found 
to have very remarkable properties. They were 
found to be excellent catalyzers, and to effect many 
of the same reactions that are brought about by the 
organic enzymes. Thus, finely divided platinum 
will oxidize alcohol to acetic acid in the presence of 
the oxygen of the air, just as the ferment myco- 
derma aceti will do. Oxalic acid is broken down by 
finely divided metals, just as it is by yeast. These 
finely divided metals invert cane sugar just like the 
organic ferments. The reaction which was studied 
most thoroughly from the standpoint of the analogy 
between the action of colloidal suspensions of the 
metals and organic enzymes, was the decomposition 

1 Zeit. phys. Chem., 81, 258 (1899). 
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of hydrogen dioxide. This substance is decomposed 
by all of the finely divided metals, and also by all of 
the organic ferments. It is an especially good reac- 
tion to study from this standpoint, because the veloc^ 
ity of the decomposition can be so readily measured. 

That the metals decompose this substance catalyt- 
ically is shown by the fact that the reaction is, as 
we say, of the first order; that is, the metal does not 
enter into the reaction at all, only the mass of the 
hydrogen dioxide present xmdergoing change. 

The analogy between the action of the finely 
divided metals and the organic enzymes is strikmgly 
illustrated by the behavior of poisons on the two. 
The same substances which poison the ferments and 
which retard the rate at which they decompose 
hydrogen dioxide, also ''poison" the platinum and 
retard the rate at which it effects the same decom- 
position. Thus, mercuric chloride and hydrocy- 
anic acid, in the merest traces, poison the organic 
enzymes. The same quantities produce almost 
exactly the same effect on the finely divided metals, 
with respect to their power to decompose hydrogen 
dioxide. A few examples will be given.^ 

Effect on the Effect on the Deoom- 

Poison Decomposition of position of HsQi 

HsOi by Blood - by Platinum 

Hydrogen sulphide No catalysis at all Action much retarded 

Mercuric chloride Practically no catalsrsis 

Hydrocyanic acid Action much retarded 

Hydroxylamine No catalysis 

Amylnitrite Much weakened 



« <C M 

It t( U 

(t « U 



1 Zeit. phys. Chem. 87, 66 (1901). 
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Preparation of Colloidal Suspermons. — Treat a 
solution of arsenic chloride with hydrogen sulphide 
and it is precipitated at once. The arsenic sulphide 
comes down as an orange yellow solid. Treat, on the 
other hand, a solution of arsenious oxide with hydro- 
gen sulphide. The solution timis orange yellow 
in color, but no precipitate is formed. Why this 
difference? It might be supposed to be due to the 
fact that arsenic chloride is very soluble in water, 
and arsenious oxide is only slightly soluble; and that 
there is not enough arsenious sulphide formed in the 
second case to precipitate. This idea is dissipated 
at once, if we add to the yellow solution which con- 
tained the arsenious oxide a solution of any salt, 
when arsenious sulphide is quickly precipitated. 
What is then the real difference in the behavior of 
the arsenious sulphide in these two cases? 

When the hydrogen sulphide is run into the solu- 
tion of arsenic chloride, there is formed, in addition 
to arsenic sulphide, some hydrochloric acid which 
is a strong electrolyte. The addition of hydro- 
gen sulphide to the solution of arsenious oxide 
forms arsenious sulphide and water which is a 
non-electrolyte. The presence or absence of an 
electrolyte, then, seems to determine whether 
a precipitate is formed, or whether the solid re- 
mains in the condition of colloidal suspension. 
This can readily be tested. Add any electrolyte 
to the coUoidally suspended arsenic sulphide com- 
ing from the arsenious oxide, and see whether 
it is precipitated. It is; and fiuthermore, the 
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addition of non-electrolytes will fail to precipitate 
the arsenic sulphide. 

These facts are of nothing less than fundamental 
importance for the whole science of chemistry. In 
order to have precipitates formed we must^ then, 
have ions present. This fact has a certain kind of 
interest of its own^ but becomes incomparably more 
interesting when we know why this is the case. 
The explanation of this fact we owe to Burton ^ 
working in the laboratory of Sir J. J. Thomson. 

Why Ions are Necessary for Precipitation. — 
Before we can understand the answer to the above 
question we must recognize the following fact. 
If two electrodes are placed in any colloidal sus- 
pension and a ciurent passed^ the coUoidally sus- 
pended particles will all move either to the one pole 
or to the other. This shows that the colloidally 
suspended particles are charged electrically; and 
since all of the particles of any given colloid move 
to the same pole, it shows that all of the particles 
of any given colloid carry the same kind of a charge. 
The colloidal particles are, then, all charged posi- 
tively, or are all charged negatively. How does 
this prevent them from precipitating? 

What is the electrostatic action of like charges of 
electricity? They repel one another. These like 
charges upon the colloidal particles repel one an- 
other, and prevent the colloidal particles from being 
drawn together and from forming a precipitate. 

What is the eiSect of adding ions? Take a ool- 

^ PhU. Mag., 12, 472, (1006). 
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loidal particle all of whose paxts are charged, we 
will say, positively. This means that the water 
around them is charged negatively. Add an elec- 
trolyte to such a system. This means that we add 
both cations and anions. The anions, or negatively 
charged bodies, equalize the positive charges upon 
the colloidal particles; and the cations, or positively 
charged ions, are paired oS against the negative 
charges on the water. The result is that the charges 
upon the colloidally suspended particles are equal- 
ized, and these particles are as if they were not 
charged. * 

Surface-tension between the particles and the 
water round about now gets in its full force. The 
action of surface-tension is always to cause the 
object to have the largest volume for the smallest 
surface. It thus draws the colloidal particles to- 
gether into larger masses, which diminishes their 
surface and a precipitate is formed. 

PrecipUatUm not the Natural Condition in Chem- 
istry. — Precipitation is one of the most important 
phenomena in all chemistry, and we are so familiar 
with precipitation from our analytical dajrs, that we 
are accustomed to look upon it as the natural condi- 
tion when a solid is formed as the result of a reac- 
tion between two solutions. We see from the above 
that such is not at all the case. A moment's thought 
will show why this is true. When substances react, 
they react, we believe, molecule for molecule. The 
solid when first formed either has molecular dimen- 
sions, or there are only a few molecules of the solid 
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aggregated. The colloidal solution, or at most 
the colloidal suspension, is the natural condition of 
solid matter when first formed as the result of a 
reaction. 

The question then arises, how does this solid mat- 
ter come together and form soUd chimks which can 
be filtered oiS as in qualitative and quantitative 
analysis? The work above referred to answers 
this question and answers it for the first time 
satisfactorily. 

Colloidal Sohdion and Colloidal Suspension. — 
We have used the term ipolloidal solution and also 
the term colloidal suspension. What is the differ- 
ence between the two? It is apparently a differ- 
ence in the coarse-grainedness of the substances in 
questi^. If the substance is very finely divided 
in th($ presence of the solvent we have a colloidal 
solution. If it is in a coarser state of aggregation 
we have a colloidal suspension, and a still coarser 
condition is a simple mechanical suspension. 

A few j^dfirs ago we knew only solutions and 
mechanical suspensions. Now we have every stage 
reBJ»seuted, from true solutions which lower the 

ezag-peint-ajid lower the vapor-tension of the 
solvent itt^^rms of Raoult's laws: and which exert 
KT-^'si^otie pressures that obey the gas laws. We have 
colloidal ^utions in which the particles are appar- 
ently niuch more coarse-grained, which show some 
of these properties to a slight extent; then the col- 
loidal suspensions, some of which are sufficiently 
coarse-grained to be seen under a powerful micro- 
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scope; and which have little or no freezing-point low- 
ering, lowering of vapor tension, and osmotic pres- 
sure; and, finally, the gross mechanical suspensions. 
We have, then, a whole series of conditions, extend- 
ing all the way from true solutions to the coarsest 
mechanical mixtures with the liquid in question. i 

The question of the nature of colloidal solutions, 
and especiaUy coUoidal suspensions which are far 
more interesting, raises the questibn about col- 
loidal chemistry in general. 

CoUoidal Chemistry. — We hear 4oday a great ^ 
deal about colloidal chemistr^boln from chemists 
and from biologists. A large amoimt of valuable ex- 
perimental work has already been done by such men 
as Wilhelm Ostwald, Wolfgang Ostwald, Freund- 
lich, Zsigmondy, and many others, and valuable 
results have already been obtained. It does, how- 
ever, seem a fak qi^estion to ask, whether the results 
thus far secured lully justify the extravagant claims 
and expectations for this field of work. It is a little 
difficult to see how all that is claimed can be hoped 
for, in the light of the physics of colloidal suspen- 
sions. The future, however, will show. 

Molecular Weights of Pure Ldquids. — The problem 
of determining the molecular weights of pure homor 
geneous liquids has been satisfactorily solved by 
Ramsay and Shields,^ by Longinescu,^ and by Guye.* 

1 Zeit. phys. Chem., 12, 433 (1893). For detafls see my "Mo- 
ments of Physical Chemistry/' 4th ed. (Maomillan's N. Y.). 

• Joum. Chim. Phys., 1, 289 (1903). 

• Ami. Chim. Phys. [6] 21, 206, 211 (1890). 



250 A NEW ERA IN CHEMISTRY 

Method of Ramsay. — Ramsay's method was 
based on the surface-tensions of liquids and the 
change in the surface-tension with temperature. 
He was able to show what liquids are associated and 
what are not associated; and for the associated 
liquids to calculate the degree of their association 
at the different temperatiu'es. Water was found to 
be one of the most associated of liquids, having at 
ordinary temperatures the formula (H20)4. Water, 
it will be remembered; is the best dissociating of 
all of the more common liquids. This raises the 
question as to whether there is any connection be- 
tween the dissociating power of hquids and their 
own association. That there is such a general rela- 
tion was shown by Dutoit.^ Other things being 
equal, the more associated a hquid the greater its 
power to dissociate the molecules of electrolytes 
dissolved in it. One of these properties is not pro- 
portional to the other, yet there is the general rela- 
tion between the two. This is one of the reasons 
why it is so important to determine the molecular 
weights of pure, homogeneous liquids. 

Method of Longinescu. — The method of Longi- 
nescu' is delightfully simple. He foimd the fol- 
lowing relation to hold: 






in which T is the absolute temperature at which one 

1 Compt. Rend., 126, 240 (1897). 
s Joum. Chim. Phys., 1, 289 (1903). 
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of the liquids boils, T' the absolute temperature 
at which the other liquid boils; d and d! are the 
densities of the two liquids in question at zero, and 
n and n' the numbers of atoms in the molecules of 
the two liquids. If we take some simple, imassoci- 
ated liquid, for which 7, d, and n are known, we de* 
termine V and 61 and from these data calculate n\ 
which is the quantity desired; since, knowing the 
number of atoms in the molecule, and the simplest 
chemical formula, we know at once the degree of 
association. 

Guye ^ shows that the ^'molecular refraction '^ is 
proportional to the true molecular volume of a sup- 
posedly spherical molecule. 

A constant times the molecular refraction he calls 
the "critical coefficient." "The critical coefficient 
of a substance is equal to the sum of the critical 
coefficients of the atoms which form its molecule, 
increased in certain cases by a coefficient which 
depends on the nature of the imions between the 
atoms." 

This enabled Guye to determine the molecular 
weights of liquids at their critical point. Know- 
ing the critical coefficients of the various atoms 
within the molecule in question, and determining 
the critical coefficient of the compound, he could 
calculate at once the association of the molecule. 

Work of Haber. — One of the most original workers 
today in the field of physical or general chemistry 
is F. Haber, formerly of Karlsruhe, now at the Kaiser 

1 Ann. Ghim. Fhys. [6] 21, 206, 211 (1890). 
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Wilhelm Institute in Dahlen near Berlin. Haber's 
work has had to do largely with the reactions of 
gases both from the experimental and thermody- 
namieal standpoints. We have already referred to 
Haber's method for the fixation of nitrogen, which, 
it will be remembered, consists in the imion of hydro- 
gen and nitrogen under pressure, at an elevated 
temperature, in the presence of a catalyzer. This 
investigation by Haber, the results of which can be 
so easily smnmarized in one concise statement, is 
one of the most scientific and interesting in the last 
few years. An account of it has recently been 
published by Haber and Rossignol.^ The thoroughly 
up-to-date and scientific method which was em- 
ployed throughout this work, makes it in a sense a 
model of what a research should be. Thoroughness, 
both in the theoretical treatment and experi- 
mental verification of deductions from thermo- 
dynamics, is its most striking characteristic. The 
E^aiser Wilhelm Institute with Haber, Beckmann, 
and Willstatter, will, in the future, probably be 
one of the most active and productive chemical in- 
stitutions in the world. 

Solid SolvMons, — The work that has been done 
on the subject of solid solviions must be mentioned. 
We heard very little about solid solutions imtU 
Van't HoJBf published his now well-known paper on 
this subject in 1890.* Van't Hoflf showed in this 
paper that certain mixtures of soUds have all the 

1 Zeit. f. Elektrochem., 19, 53 (1913). 
> Zeit. phys. Ghem., 6, 322 (1890). 
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properties of liquid solutions. One of the most 
fundamental properties of liquid solutions is osmotic 
pressure. We, of course, cannot measure osmotic 
pressure in solid solutions, and cannot detect its 
presence directly, even qualitatively. We can, how- 
ever, demonstrate its existence by indirect methods. 

Diffusion in Mixtures of Solids. — Osmotic pres- 
sure is the cause of diffusion. We have abundant 
evidence of the existence of diffusion in mixtures 
of solids. Place a porcelain crucible in a cavity 
cut in a piece of charcoal, and heat the whole to 
redness. The carbon will diffuse clear through the 
porcelain, and can be detected on the inner side of 
the porcelain crucible. Again, proceed as Roberts- 
Austen ^ did; and on to the bottoms of well-polished 
lead cylinders attach plates of gold. Set these 
aside for a few years, when it was found that the 
gold had penetrated the lead to a depth of several 
millimeters. 

Lowering of Vapor-tension and Freezing-point 
in Solid Solutions. — Similarly, Van't Hoff ^owed 
in this paper that solids lower the vapor tension of 
one another; and the low freezing- or melting-points 
of alloys, relative to those of the constitutents, is an 
illustration of the lowering of the freezing-point of 
a solid solvent by a solid dissolved substance. 

Kinds of Solids that can Form Solid Solutions. — 
The question then arose, what kinds of solids can 
form solid solutions with one another? Here some 
fine work was done by the Italians; especially by 

1 Ftooeed. Roy. Soc., 67, 101 (1900). 
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Ciamician ^ and his coworkers. They have shown 
that single ring compounds can form solid solutions 
only with other single ring compounds. Thus, 
benzene can form soUd solutions only with such 
compounds as; thiophene, pyrrol, pjrridine, etc.; 
napthalene only with indol, quinoline, etc. ; phenan- 
threne with anthracene, carbazol, etc. This work 
is most highly significant in connection with the real 
meaning of constitutional formulae as chemists have 
used them. It here finds expression in the power of 
substances to form solid solutions with one another. 

Excellent work has been done in many directions 
by a large nimiber of investigators in Holland. 
We should refer especially to the work of Cohen, 
on the allotropic modifications of the elements. 
The work of the Russians has been as varied as it 
is valuable in the recent developments of general 
chemistry. The investigations of the French, 
Scotch, and English, especially Ramsay, Walker, and 
Donnan, have contributed greatly to the building 
up of a science of general chemistry. We should 
not be unmindful of the investigations that are 
being carried out in Norway, Sweden, Austria, 
and Italy, many of which have played a prominent 
r61e in connection with the recent developments. 

Our own countrymen have turned to physical or 
general chemistry from the very beginning of the 
modem developments. Their influence has been 
felt in nearly every direction, and their investiga- 
tions should be discussed at length individually, did 

1 Zdt. phyB. Chem., 18, 1 (1894); 18, 51 (1895); 44, 505 (1903). 
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the scope of this little book permit, but tmfortu- 
nately it does not. 

We must| however, mention especially the work 
of A. A. Noyes and of T. W. Richards. 

The Work of A. A. Noyes has been continued 
almost from the beginning of the period we have 
referred to as the "New era" up to the present. 

His first important investigation was in cooperar 
tion with Nemst in Ostwald's laboratory, on the 
solubility of salts with reference to the measurement 
of their dissociation. This has already been referred 
to under the work of Nemst. Some of his most 
recent investigations have been along solubility 
lines, but from a somewhat different standpoint. 

Free Ions in Solution. — One of the most interest- 
ing investigations that has come from the laboratory 
of Noyes, had to do with the demonstration of the 
existence of free ions in solution. Lobry de Bruyn ^ 
had shown that when a saturated solution of a salt 
is centrifugalized, the salt, being heavier than the 
solvent, is thrown to the outside of the centrifuge 
and a part of it is precipitated. 

Noyes reasoned that if a dissociated salt is sub- 
jected to rapid whirling in a centrifuge, the heavier 
ion should be thrown to the outside, and a partial 
separation of the ions in the solution thus effected. 
This separation should manifest itself in an electro- 
motive force, or potential difference between the 
outside and inside of the centrifuge, the outside 
having the sign of the heavier ion. 

1 Eec. Trav. Chim. Pays-Baa., 88, 218 (1Q04). 
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He had constructed a very powerful centrifuge, 
consisting of a tube some two feet in lengthy which 
he could whirl very rapidly. He was able to produce 
differences in potential of a good number of milli- 
volts, and the outside always had the sign of the 
heavier ion, just as was predicted. 

Ciyndvctivilies at Higher Temperatures. — One of 
the most important investigations that Noyes has 
carried out, is on the conductivities of aqueous solu- 
tions of electrolytes up to the critical temperature 
of water. This was done in closed steel bombs, 
lined on the inside with platinum, into which in- 
sulated electrodes were inserted. 

He foimd that the conductivities increased 
rapidly with rise in temperature, acquiring very 
great values at high temperatures. Thus, a solu- 
tion of potassium sulphate, which at 18^ had a 
molecular conductivity of 133, at 218° had a molec- 
ular conductivity of 1065, and at 306°, a conductiv- 
ity of 1725; and similar increases were observed 
with all of the electroljrtes studied. 

One other result was obtained at elevated tem- 
peratures with the conductivity bomb, which 
must be mentioned. 

Hydrolysis at High Temperatures. — Salts of weak 
acids or bases, are, as we say, hydrolyzed by water 
at ordinary temperatiu'es. This means that they 
are broken down by the water into the free acid and 
the free base. This hydrolysis, Noyes showed, 
increased very rapidly with rise in temperature. 
So rapid was the increase in the hydrolysis with 
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rise in temperature, that a hundredth-normal solu- 
tion of anmionium acetate, at 306°, was hydrolyzed 
to the extent of 91.5 per cent. 

The bearing of this on geological phenomena is 
obvious. Well down beneath the surface of the 
earth, where the temperatures are very high and 
where there is an abundance of highly heated water- 
vapor, the salts are probably largely broken down 
into the free acids and the free bases. Many of the 
chemical actions which, imder these conditions, are 
usually attributed to the highly heated salts, are 
thus probably due to the acids and bases set free 
from the salts by the hydrolytic action of the highly 
heated water-vapor. 

A large nimiber of other investigations, and es- 
pecially the elaborate work on the qualitative sepa- 
rations of the elements, have been carried out by 
Noyes and his coworkers, but space will not allow 
here any detailed discussion of them. 

Work of Richards. — Richards has devoted the 
most of his life and energy to determining the 
atomic weights of the elements, and certain other 
physical constants, with the very greatest accuracy 
possible under existing conditions. He has thus 
far succeeded in determining the atomic weights of 
somewhat more than twenty of the more conmionly 
used chemical elements. The methods which he has 
used, and especially the details in carrying them 
out, are largely of his own devising. The result is 
unquestionably the most accurate atomic weights 
with which the scientific world has thus far been 
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provided. The skill that he has displayed in the 
direction of the so-called third decimal is not ex- 
ceeded, if it is equalled, by any one living today. 

The work of Richards on amalgams, from both the 
theoretical and experimental standpoints, is of great 
value and importance. 

Richards has, however, not limited his activities 
to the most refined experimental work. He has 
shown great ability and skill in deaUng with scien- 
tific problems from the theoretical side. His 
work, both theoretical and experimental, in connec- 
tion with the effect of pressure on the atoms is 
widely known, and well deserves to be. He has 
made it highly probable that the atom is compres- 
sible, and the significance of this is far reaching. 
Much of the work of Noyes and Richards has been 
done with the aid of grants from the Carnegie 
Institution of Washington. 



CHAPTER Xn 
Ths Electron and Radiochsmistrt 

Earlier View of the Atom. — The atom was re- 
garded as the ultimate chemical miit, prior to the 
begimiing of the time that we have designated the 
"New Era." Indeed, it was made so by definition. 
An atom of any given element was the smallest 
part of that element that ever entered into chemical 
combination. An elementary atom was something 
that could not be transformed into anything else, 
and from which nothing else could be obtained. 

This state of mind was perfectly natural, since 
at that time there was not the sU^test reason for 
supposing that anything simpler than the atom 
could be obtained from the atom. This is now 
all changed, as we shall see. 

The Electron. — The English physicist. Sir J. J. 
Thomson, showed that an isolated electrical charge, 
moving with high velocity through a perfectly 
elastic medium, such as the ether, could have both 
mass and inertia; i.e., could have those very proper- 
ties that we are accustomed to ascribe to matter. 

The isolation of this electron, and the study of its 
properties, we owe also to Sir J. J. Thomson. Let 
us now study this work of Thomson in some detail. 
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The simplest condition of matter, and the one 
about which we really know something, is the 
gaseous. A gas represents matter in the most 
dilute state, and, further, matter in the gaseous 
state conforms to the rigid laws of mathematics, as 
is shown by thermodynamics. 

Thomson turned his study to gases, and dilute 
gases at that. He investigated the transmission 
of electricity through very dilute gases. It is well 
known that electricity can readily be passed through 
a so-called vacuum tube, i.e., through a tube filled 
with a very dilute gas. Under these conditions there 
were given oflf from the cathode very small particles, 
known as cathode particles, which fly over to the 
anode. The question is. What are these particles? 
Are they molecules or atoms? According to the 
view then prevailing they could not be smaller than 
atoms, since nothing smaller than atoms could exist. 

Thomson worked out a method ^ for determining 
the ratio of the charge e, carried by these particles 
to their mass m. That is, he experimentally deter- 

mined the value of — . 

^ e 
Constancy of the Ratio — . — The first point of 

interest and importance brought out by Thomson, 

was that the ratio -- is constant for the cathode 

m 

particle, no matter from what gas it was split off. 

This was obviously a very remarkable fact. It 

^ See the Author's "Electrical Nature of Matter and Radioactiy- 
ity," 2d ed. (D. Van Nostrand Co.). 
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made it probable that the same cathode particle, 
whatever it was, was being split off from all gases, 
whether elementary or compound, since the ratio 

— for the cathode particle was constant, no matter 

whether the particle came from an elementary gas 
like hydrogen, oxygen, or nitrogen, or from a com- 
pomid gas such as nitric oxide, carbon dioxide, or 
methane. 
This was, however, only probable. It was not 

proved alone from the constancy of the ratio—. 

m 

We must first show whether m is, or is not, con- 
stant under these various conditions. It must be 
shown whether the cathode particle, split off from 
the various elementary and compound gases, has 
the same or different masses. 

This was done by means of a series of brilliant 
experiments carried out by Sir J. J. Thomson, 
which, within the scope of this work, cannot be 
disctissed in any detail.^ He foimd that the mass 
of the cathode particle was constant, independent 
of the nature of the gas from which it came; in- 
dependent of whether the gas was elementary or 
compound. 

A moment's thought will show the fundamental 
importance of this conclusion. Here was a common 
constituent being obtained from all elementary and 
compound gases, the elementary gases being defined 

^ See Author's "Electrical Nature of Matter and RadioactiT- 
ity," 2d ed. (D. Van NoBtrand Co.). 
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as being incapable of yielding anything else. It 
was obvious that the definition would have to be 
revised. 

The Cathode Particle. — The question still remains, 
what is this cathode particle — this common con- 
stituent obtained from all gases? What is its mass 
as compared with the mass of the atoms? 

The experiments referred to above not only led 
Thomson to conclude that the mass of the cathode 
particle is constant, regardless of the source of that 
particle; but led him also to the actual mass of 
this particle relative to the mass of the lightest 
atom, which is the atom of hydrogen. 

Whai 18 the Corpuscle t — He showed that the mass 
of the cathode particle is only about ttuit of the 
mass of the hydrogen atom. In a word, by means 
of the electrical discharge there had been split off 
from the hydrogen atom, and from the atoms of 
other elementary and compound gases, something 
which had a mass that was only ttott of that of 
the lightest atom. The question still remained, What 
is this subatomic particle? It carried an electrical 
charge. It must, therefore, contain energy — 
electrical energy. What else did it contain? It 
had mass and inertia, and the conclusions of Thom- 
son and Lorentz, that an electrical charge alone can, 
under certain conditions, have mass and inertia, 
were not then fully understood and appreciated. 
It was generally supposed at that time that only 
matter can have mass and inertia. This cathode 
particle must then be a small piece of matter, only 
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a small fraction of an atom, which had the mass 
and mertia, and attached to this was a charge of 
negative electricity. 

This cathode particle, or carpuade as it was 
termed, was, then, both matter and energy. 

Thomson had shown, as has been stated, that 
isolated electrical charges moving with high veloc- 
ities can themselves have mass and inertia. The 
cathode particles or corpuscles moved with very 
high velocities. Thomson had measured these ve- 
locities, and had shown that the corpuscle moves 
about one-tenth as fast as light. The electrical 
charge on the corpuscle, moving with this velocity, 
would have some mass and some inertia. The 
question now is, How much? How much of the total 
mass and inertia of the corpuscle is due to the 
electrical charge present, and how much to the 
matter? This was the question which Thomson 
now took up and solved. 

Mass and Inertia due to the Electrical Charge. — 
If all of the mass of the corpuscle were due to the 
moving electrical charge, then, it is a simple matter 
to calculate how much the mass of the corpuscle 
would increase for a given increase in the velocity 
of the corpuscle. The actual increase in the mass 
of a corpuscle for a given increase in its velocity 
was then measured by Thomson in the following 
way. The B rays shot off by radium are really 
nothing but corpuscles, as we shall see. These 
are shot off from the radium with very dif- 
ferent velocities. Kaufmann determined the masses 
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of these B particles moving with diffwent velocities, 
and Thomson found that the more rapidly moving 
particles had the greater masses. The increase in 
the mass with increase in velocity was exactly what 
would be calculated on the assumption that aU of 
the mass of the corpuscle was of electrical origin. 
The agreement between the calculated values and 
those found experimentally, th^i, argued in favor 
of the assimiption on which the calculation was 
based. In a word, all of the mass of the corpuscle 
was of electrical origin. 

If all of the mass of the corpuscle is due to the 
electrical charge that is present, then, why assmne 
that there is anything else in the corpuscle except 
the electrical charge? We know things by their 
properties, and only by their properties. If aU 
of the properties of the corpuscle are accounted for 
by the electrical charge which we know is present, 
why assume that there is anything else present? 
There is, of course, no reason for doing so. 

Electron. — The corpuscle is then nothing but 
an isolated, negative charge of electricity. This we 
now call the electron. The consequences of this 
conclusion are most fundamental and wide-reaching. 
The electron was obtained from all gases, elementary 
and compound. It is, therefore, the common 
constituent of all things and the only common 
constituent known. But the electron is an isolated 
negative charge of electricity. The isolated, nega- 
tive electrical charge is, then, the fundamental unit 
of which all so-called matter is made. The ulti- 
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mate unit of matter is then not matter at all^ but 
electrical energy; there being no such thing as matter 
in the ordinary sense in which that term is used. 

This raises again the question. Where did the con- 
ception of matter which we have so long held; come 
from? Why did we ever suppose that there were 
two entities, matter and energy, instead of the one 
entity energy? 

The Overthrow of Scientific Materialism. — This 
brings us back to a paper by Ostwald, already 
referred to, on " The Overthrow of Scientific Mate- 
rialism." In this paper it was pointed out that we 
had assumed that matter is the reality and that 
energy is an hypothesis. While in fact energy is 
what we know and matter is a pure hypothesis, 
created out of the imagination to have something to 
which to attach the energy. We could not think of 
energy in the abstract. We must have a carrier of 
the energy, and we created matter purely and simply 
out of the imagination for this purpose. Ostwald 
pointed out in this paper in 1895, that there was 
not the slightest bit of evidence for the view that 
matter existed. This conclusion has now apparently 
been verified experimentally by Thomson. 

The Electron Theory of Matter. — We have, then, 
reached the conclusion that matter is made up of 
the negative electrical charges or electrons as they are 
termed. It is a fundamental principle of electricity 
that we cannot have negative charges without the 
corresponding positive charges. Where are the posi- 
tive charges corresponding to the negative electrons? 
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A number of attempts have already been made to 
isolate the positive electrons, corresponding to the 
negative electrons. It is doubtful whether any 
of these attempts can thus far be regarded as success- 
ful. The "granular" nature of negative electricity 
has been demonstrated in the (tiscovery of the 
negative electron, or electron as it is termed. It 
seems highly probable that positive electricity is 
also granular or atomic, as we say, but it has not 
yet been proved. We, therefore, say that the 
electrons are distributed in a field of imiform posi- 
tive electrification, which simply means that we have 
not thus far discovered the heterogeneous nature 
of positive electricity. 

The Atom in Terms of the Electron Theory. — The 
atom, in terms of the electron theory of matter is, 
then, made up of a large niunber of electrons dis- 
tributed in a field of imiform positive electrification. 
These electrons are arranged in a definite sjrstem 
within any given atom, and are moving in definite 
orbits and with very high velocities within the atom. 
The chemical atom has been likened to the solar 
system, within which the electrons play about the 
same rdle as the planets. The interelectronic spaces 
are very large compared with the spaces occupied 
by the electrons themselves; just as the interplanet- 
ary spaces are very large as compared with the spaces 
occupied by the planets. 

It should be pointed out, that Thomson does not 
at present seem to think it proved that the number 
of electrons in the atom is equal to the atomic weight 
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' of the atom in tenns of hydrogen as unity, multi- 
plied by 1800. Indeed; he seems inclined to the 
view that there is only a comparatively small 
number of electrons in the atom. 

Others have, however, suggested that the methods 
used are capable of demonstrating the existence of 
only those electrons which are in the more imstable 
positions. They think that most of the electrons 
within the atom cannot be detected by the present 
methods. 

Rowland's Conception of the Atom. — The chemical 
atom, which was hitherto regarded as simple, as 
an ultimate unit, is now known to be very complex, 
and this suggests a statement which I heard Row- 
land make a good many years ago. Long before 
we had any suspicion that the ultimate unit of 
which all matter is made was electricity, I heard 
Rowland reason as follows. He said the chemists 
say that the molecule of mercury in mercury vapor 
is monatomic, i.e., there is but one atom in the 
molecule. If this is true, then the atom of mercury 
itself must be at least as complex as a piano. The 
atom of mercury gives out a large niunber of spectral 
lines, i.e., sets ihe ether vibrating in a large niunber 
of wave lengths at the same time. This to Rowland 
was inconceivable in an ultimate imit. The vibra- 
tor or resonator must be complex to set up simul- 
taneously so many vibrations in the ether. 

This was at a time when practically every chemist 
regarded the atom as a simple unit, which could not 
be decomposed into anything else, and could not 
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be made from anything else. Now we find Row- 
land's conclusion verified both theoretically and 
experimentally. This illustrates the definition of 
genius as the type of mind which has an insight into 
phenomena, and a foresight of phenomena, not 
possessed by ordinary minds, for Rowland was a 
genius. 

The Electron Theory and Electrolytic Dissociation. 
— A few applications of the electron theory to the 
facts of chemistry will be made just to show how it 
explains phenomena hitherto entirely not imder- 
stood. Take the simple reaction that is involved 
when molecules of electrolytes are dissolved in a 
dissociating solvent such as water. We have 
known for a long while that the molecules are 
broken down into chained parts or ions, but we had 
absolutely no idea of how this took place — of the 
modus operandi of the process. 

In terms of the electron theory it is perfectly 
simple. Take a salt like potassium chloride. When 
it is thrown into water an electron passes from the 
potassium over to the chlorine. The chlorine hav- 
ing received an additional electron thus becomes 
charged negatively, while the potassium having lost 
an electron becomes charged positively. If we are 
dealing with bivalent ions we have simply a transfer 
of two electrons. Take barium chloride. The 
bariiun loses two electrons, one to each of the chlo- 
rines; the latter becoming charged negatively, while 
the barium has, consequently, two positive charges 
upon it. Take, again, a salt like potassium sulphate. 
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Each potaasium loses one electron to the SO4, which 
thus acquires two negative chaises, the potassium 
having each one i>ositive charge. 

The electron theory thus tells us exactly what 
goes on in electrolytic dissociation. The anion 
receives electrons from the cation. 

Meaning of Intrinsic Energy. — Before we had 
the electron theory of matter we could form no 
physical conception of what was meant by the term 
intrinsic energy. We, however, knew that there 
was a form of energy that was within the atom itself; 
and to distinguish this form from those eictemal 
to the atom we called it intrinsic energy. It was, 
however, an example of where an idea being lacking 
we introduced a word. We could form no pictiu'e 
of what was meant by the term we were using. 

We can now see clearly what is meant by intrinsic 
energy. The electrons have mass and are moving 
with enormous velocities within the atoms. They 
therefore, have kinetic energy and a great deal of 
it; since the kinetic energy of moving bodies is 
expressed by ^mt^, where m is the mass of the body 
and 9 is its velocity. Although the mass of the 
electron is small its velocity is about one-tenth that 
of light; and the kinetic energy involves the square 
of the velocity. 

We know tiiat the heat and other manifestations 
of energy in chemical reactions come from intrinsic 
energy. This is also readily explicable in terms of 
the electron theory. When two or more atoms are 
brought together as in a chemical reaction, each 
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probably affects the velocities of the electrons 
within the others. There is probably a slowing 
down of the electrons, which means a diminution 
in the intrinsic energy of the system. This loss in 
intrinsic energy is expressed by the heat, light, etc., 
which manifest themselves when the reaction takes 
place. 

In endothermic reactions, where heat is con- 
verted into intrinsic energy, each atom must ac- 
celerate the velocities of the electrons within the 
others. 

We can now deal with intrinsic energy in a 
rational and scientific manner. 

The Electron Conception and the Periodic System. — 
Thomson showed how the electron theory can be 
used to accoimt for such facts as are expressed by 
the periodic system of the elements. He calcu- 
lated the niunber of electrons in the plane through 
the centre of atoms of the first and second groups of 
this system, and showed how the electron theory 
could accoimt for the valences of these various atoms. 
It would lead us too far to discuss this in any detail.^ 

The most important application of the electron 
theory, all things considered, is to the facts of 
radiochemistry. The theory was proposed and 
worked out just before the facts of radiochemistry 
were discovered; and these facts could not possibly 
have been explained without this theory. More 
of this after some of the most important facts of 
radiochemistry have been considered. 

1 PhU. Mag., 7, 257 (1004). 
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Radiochemistrt 

Discovery of the X-Bay. — In 1896 the announce- 
ment was made by Rontgen then at Wiirzburg; now 
in Mmiich, that he had discovered a new kind of 
radiation. This radiation had properties which 
differentiated it sharply from any other radiation 
known. In some respects it resembled light, and in 
others differed markedly from light. Its most 
distinctive property was its great power to penetrate 
objects that were opaque to light. It would pene- 
trate sheets of the metals of considerable thickness, 
and other solid objects of very great thickness. It 
could not, according to its discoverer, be reflected, 
refracted, nor polarized. It was produced in a 
cathode discharge tube, where the cathode particles 
fall upon the walls of the tube, on the anode, or in 
general, upon solid matter. This was of course the 
discovery of the X-ray. 

X-Baya and Phosphorescence. — These rays were 
shown to come from the spot on the glass on which 
the cathode rays impinged. This spot was always 
phosphorescent, and this is the important point in 
the present connection. 

The X-rays were shown to be a set of irregular 
pulses sent out in the ether, and not a series of 
regular vibrations. This expla ins their ffeat pene- 
trating power. •> ' 

The point where the X-rays strike the walls of the 
vacuum tube is always phosphorescent. This led 
at first to the assumption that there is some connec- 
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Hon between the fluorescence and the origin of the 
X-rays. Indeed^ Henri Becquerel^ took up the 
study of naturally phosphorescent substances, to 
see whether any of them gave out a radiation 
analogous to the X-ray. Tlie result, as is well 
known, was the discovery of the natural radioactiv- 
ity of uranium, which was found to give off a radiar 
tion in some respects analogous to the X-rays; in 
other respects different from it. 

Discovery of Radium. — This led Becquerel* to start 
Mme. Curie on an investigation of uranium ores, 
from the standpoint of their radioactivity. She soon 
f oimd that certain ores of uranium were more radio- 
active than uranium itself; and these ores did not 
contain more than 60 per cent of uraniiun. There 
was only one conclusion to draw from this fact, and 
that was that these uranium ores contained something 
that was more radioactive than metallic uraniiun. 

Mme. Curie then set about to isolate this radio- 
active constituent of pitchblende. The separa- 
tion of radium from pitchblende by Mme. Curie 
is one of the most complex separations that has 
ever been effected. While it cannot be discussed , 
here in any detail, it should be read in the original ' 
paper by all chemists. The separation was, how- 
ever, not quite as difficult as would at first sight 
appear. The way the radiiun went in any given 

1 Compt. Rend., 122, 501, 689, 762 (1896). 
' A brief sketch of the life and work of Becquerel by Lodge has 
recently appeared. Joum. Chem. Soc., 102» 2005 (1912). 
• Ann. Chim. Phys. [7], 80, 99 (1903). 
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separation could be easily detected by its power to 
ionize the air and dischai^e an electroscope. Never- 
theless, it is a remarkable series of separations and 
should be studied by all students of chemistry. 

The final result was that Mme. Curie obtained a 
substance from pitchblende, which has a radio- 
activity of about one and a half million times that of 
metallic lutmiimi. This is, of course, the element 
radium. The amoimt of radium bromide that was 
obtained from a ton of pitchblende was only a few 
milligrams. This substance was found to have a 
perfectly definite spectrum, and an atomic weight 
of about 227. 

A number of other radioactive substances were 
discovered in pitchblende by Mme. Curie; actinium, 
polonium, etc., but these have proved to be far less 
important than radiiun, and will not be considered 
here. 

Meaning of RcdioactivUy. — Radium is natiu'ally 
radioactive as it is called. Let us now see just what 
this means. A radioactive substance is one that 
gives off radiations, and radiiun gives off three 
kinds of radiations. These are the alpha, beta, and 
gamma radiations. Let us see what are the char- 
acteristics and nature of each of these radiations. 

Alpha Particles. — The alpha particle which is 
shot off from radium has a mass that is about 
four times that of the hydrogen atom. It has been 
shown to be an atom of helium. It carries one 
positive charge of electricity. The velocity of the 
alpha particle is about one-tenth that of light. It 
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is, therefore, the most rapidly moving particle of 
matter known to man. Moving with such enormous 
velocity, and having a mass which is four times that 
of the hydrogen atom, it has an enormous amount 
of kinetic energy. 

The Spinthariscope. — This fact is utilized in an 
instrument called the spinthariscope. This consists 
of a screen covered with some phosphorescent 
substance like zinc sulphide, placed at a distance of 
a few millimeters from some radium chloride or 
bromide. The screen is seen through a lens. Where 
the alpha particles strike the phosphorescent screen, 
bright patches of light appear and quickly dis- 
appear; hence, the name of the instrument from 
^'spintharis" a spark. 

We thus see the result of the action of the indi- 
vidual alpha particles as they fall on the phos- 
phorescent screen; each particle where it strikes 
producing a patch of light. Since these alpha 
particles are helimn atoms, we probably see the 
action of individual heliiun atoms on the phospho- 
rescent screen. 

It is well known that when the radiations from 
radium pass through a gas, the gas is partly ion- 
ized. It is the alpha particles, having such a large 
amoimt of kinetic energy, which do most of the 
ionization of a gas. It is the alpha particles which 
affect a photographic plate, and, as we have seen, 
excite phosphorescence. 

The alpha particles, on account of their large masses 
and sizes, have very little power to penetrate matter. 
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The Beta Particles. — The beta particles given oflf 
from radium carry a negative electrical charge, as 
shown by the way they are deflected in a magnetic 
field. Furthermore, they have been discharged and 
their charge shown to be negative. The mass of the 
beta particle is almost exactly the same as that of 
the cathode particle, = ji^j^ that of the hydrogen 
atom. The average velocity of the beta particle 
is about one-half the velocity of light, varying, 
however, over a considerable range. 

A comparison of all of the properties of the beta 
particle, with the corresponding properties of the 
cathode particle, shows that the two are practically 
identical. The beta particles are simply more 
rapidly moving cathode particles, and, consequently, 
have greater power to penetrate matter. The beta 
particles are, then, essentially electrons. 

The Gamma Rays. — The gamma rays have great 
power to penetrate matter. They exist wherever 
the beta rays exist. They are not deflected in a 
magnetic field. A comparison of the properties of 
the gamma rays with those of the X-rays, shows 
that the gamma rays are essentially identical with 
the X-rays. The gamma rays have greater power 
to penetrate matter than the X-rays. They can 
penetrate, to some extent, a foot of solid steel. 

Properties of Radium, — So much for the radia- 
tions that are given out by radiimi. A few of its 
other properties will now be considered. Radium 
salts are self-luminous. A pure radium salt can 
readily be seen in a dark room, giving out large 
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quantities of light. A radium salt can also charge 
itself electrically, by the loss of the electrically 
charged radiations of one kind which it sends out. 

The radiations from radium have the power of 
ionizing media through which they pass. This is 
true even of good dielectrics or non-conductors of 
electricity, such as pure liquids, and also such solids 
as paraflSn. The radiation from radium can effect 
certain chemical reactions, and decompose the most 
stable of chemical compounds. When a pure radium 
salt is kept in a tube of sodiiun glass the glass soon 
becomes brown, due to the decomi>osition of the 
sodiiun silicate and the liberation of metallic sodium. 
When a radium salt is kept in a potassiiun glass tube, 
the glass becomes deep purple due to the liberation 
of metallic potassiiun. 

The physiological action of the radiations from 
radium is well known. These disintegrate the 
tissues, and cause bad bums as was experienced 
by Becquerel and others. The disintegrating ac- 
tion on skin cancer and other skin affections has 
made it probable that radium has value as a curative 
agent. 

Heat Energy Produced by Radium. — One of the 
most remarkable properties of the element radium 
is that of producing heat energy. This was first 
observed by Mme. Curie and Laborde.* They 
noted that salts of radiiun keep themselves at a 
temperature which is constantly higher than the 
surroimding medium. This led to an accurate 

1 Compt. Rend., 186, 673 (1903). 
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measurement of the amount of heat set free by 
radium salts. 

The best method used was the ice calorimeter. 
A given quantity of radium bromide was placed in 
an ice calorimeter, and the amoimt of ice that it 
melted in a given time was determined. Knowing 
the heat of fusion of ice, it was a very simple matter 
to determine the amount of heat set free by the 
radium. It was foimd that a gram of radium 
liberates enough heat to melt its weight of ice every 
hoiu*. A gram of radium therefore liberates about 
eighty calories of heat every hour, during its whole 
life-history. Subsequent results are still higher. 

This is, of course, a remarkable result. In com- 
parison with the most exothermic reaction, the 
union of hydrogen and oxygen to form water, 
radium liberates from threb to four million times as 
much heat. It was foimd, further, that at the 
temperature of liquid hydrogen — 253^, radium 
liberates just as much heat as at ordinary tempera- 
tures. 

Both of these are very remarkable facts, and 
either of them places radium in a class by itself. 
All chemical reactions are afifected by temperature, 
taking place differently, or with different velocities 
at different temperatiures. Here was a substance 
which gave out three or four million times as much 
heat as any chemical reaction known, and gave out 
the same quantity of heat at a very low and at 
ordinary temperatures. It is hardly surprising that 
some persons supposed for a time that radiimi has 
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the power of producing energy, or at least, of trans- 
forming some other form of energy into heat in 
aknost unlimited quantity. 

The more conservative, however, began to look 
around for the source of the heat energy, and 
found it. 

Whence Comes the Heal Liberated by Radiumt — 
The alpha particles are shot off from radiiun with 
very high velocities, about one-tenth that of light. 
They have large masses, about four times that of the 
hydrogen atom. They, therefore, have large ki- 
netic energy which is expressed by }mt^; m bdng 
the mass and v the velocity of the particle. These 
alpha particles are, then, little cannon balls shot off 
all of the time from the radium. They, as we have 
seen, have very little power to penetrate matter. 

Take the alpha particles shot off from the radium 
that is not on the surface of the pile of radium salt, 
but beneath the surface. These alpha particles will 
strike some of the solid radiiun bromide above them 
and be stopped. Their kinetic energy is converted 
into heat, and this has been regarded as the source 
of the heat that is liberated by radium. 

A moment's thought will show that the above 
explanation really explains nothing. Given the 
alpha particles, moving with their high velocities, 
and it is a perfectly simple matter to account for 
the heat that is produced when they are stopped. 
But before we can really account for the heat energy 
set free by radium, we must account for the high 
velocities which the alpha particles have. We must 
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know something about the source of the energy which 
imparted these high velocities to the alpha particles. 
Given rapidly moving cannon balls, it is perfectly 
simple to accoimt for the heat energy that is liber- 
ated when they are stopped. But if we wish to 
know the real source of the heat energy that is 
liberated when the cannon balls are stopped, we 
must know the source of the energy which set the 
cannon balls in motion. 

What is the source of the energy which shoots the 
alpha particles off from the radium atom with such 
enormous velocities? This is the fundamental ques- 
tion. It must be the intrinsic energy in the radium 
atom itself, and we now know what is meant by 
intrinsic energy. It is the kinetic energy of the 
moving electrons. This kinetic energy must be 
greater, many times greater, in the radium atom 
than in the atoms of any other well-known substance. 
This is most easily explained by assuming that the 
electrons within the radium atom move with much 
higher velocities than the electrons within the 
atoms of other elements. Their greater kinetic 
energy explains, as we shall see, the greater insta- 
bility of the radium atom. These more rapidly 
moving electrons fly off more readily than slower 
moving electrons, and hence the greater radioactivity 
of radiimi. The great heat production by radiimi is 
to be referred to the great amount of intrinsic energy 
in the radium atom, and comes from a part of it. 
Radiiun is, therefore, a storehouse of energy, repre- 
senting the most concentrated energy known to man. 
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Origin of Solar Heat. — One or two applications 
of the amount of heat set free by radium is of more 
than usual interest. The origin of solar heat has long 
been a problem. It was at one time supposed to 
be due to the raining down of meteoric matter from 
space into the sun. This was stopped when it 
struck the sun, and its kinetic energy converted 
into heat. This theory was, however, foimd to be 
insuflEicient. 

Then we had the theory of Helmholtz, which said 
that solar heat is produced by the sim shrinking 
up. It is a hot body cooling, and as it cools it 
shrinks; the outer surface falling in on the inside. 
This produces an enormous amoimt of heat, and the 
theory was supposed to be sufficient to account for 
all of the heat radiated by the sun. 

Physicists and other men of science have always 
been suspicious that there is some other source of 
solar heat than would be indicated by either of the 
above theories. A possible source of a part of 
solar heat is, radium, if radiiun is present in the sun. 
Tl^e first question is. Does the sun contain radium? 

Is (here Radium in the Sunf — There is no direct 
evidence of the existence of radiiun in the sun. 
Notwithstanding the supposed fact that certain 
lines of radium have been described as occurring 
in the solar spectrum, these '' coincidences" with 
known lines of radiiun are so poor that we cannot 
accept the evidence. There is, however, very good 
indirect evidence of the existence of radium in the 
sun. As we shall see, all of the terrestrial helium 
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probably comes from radium. It is only fair to 
assimie that solar helium would have the [same 
origin. The sun contains enormous quantities of 
helium. This is seen in the solar prominences dur- 
ing a total eclipse of the sim, or by special appa- 
ratus at all times. If all of the heliiun in the sun 
comes from radium; then there must be, or at least 
must have been, enormous quantities of radimn in 
the sun. This radimn must have been the source of 
enormous amounts of heat, and this must be taken 
into account in dealing with the origin of solar heat. 

Radium the Source of Some Terrestrial Heat. — 
Another question is, What part of terrestrial heat 
comes from radium? Radiiun exists in any one 
locality or in any one mineral in very small quan- 
tity, as we have seen ; yet, the total amoimt of radium 
on and in the earth is very large indeed. It has been 
estimated that the deep-sea ooze alone contains 
more than a million tons of radium, and the waters 
of the sea at least twenty thousand tons of radiiun. 
Then, nearly all rocks contain more or less radium. 
It is everywhere, also, in atmospheric air. 

The total amoimt of radiiun in the earth is, then, 
very large; and this is giving out enormous quan- 
tities of heat. This fact has an important bearing on 
the calculated age of the earth. In this calculation, 
as made by Lord Kelvin and others, the earth is 
assumed to be a molten body, cooling at a definite 
rate. If there is a source of a large amount of heat 
energy within the earth itself, then, this must be 
taken into account in calculating the age of the earth, 
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on the basis of it being a hot body cooling from a 
certain temperature to the present temperature. 
Rutherford called attention to this factor. 

EmanaMon. — Rutherford * discovered that there 
is a gas in radium salts^ which can be separated 
from them by fusing the salt, or by dissolving it in 
water and passing some neutral gas through the 
aqueous solution. This gas, which, as we shall see, 
has very remarkable properties, Rutherford termed 
the emanation. This gas can be condensed to a 
Uquid at - 152°. 

The amount of radium salt that has thus far been 
isolated with a high degree of purity is only a few 
grams. Salts of radium contain only a very small 
fraction of a per cent of the emanation. The total 
amount of the radium emanation that has thus 
far been obtained at any one time is, therefore, 
only a fraction of a cubic millimeter. Notwith- 
standing its small quantity the properties of the 
emanation have already been studied pretty- 
thoroughly. Let us now see what are some of its 
many remarkable properties. 

One of the most striking characteristics of the 
radimn emanation is its instability. It breaks down 
quickly into other things, and what these are will 
be considered a Uttle later. Its molecular weight 
was determined by the diffusion method and was 
found to be about 200. 

Radium Emanation produces Helium. — If after 
the emanation has been removed from radium the 

I Phil. Ma«.» 49, 1 (1900). 
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radium is set aside for a time^ it regains its emana- 
tion. This shows that the emanation is being 
produced by the radium. Radium can be very 
often deemanated, and just as often produces a new 
crop of the emanation. This shows that the pro- 
duction of the emanation is a continuous process, 
going on all of the time, and this probably continues 
during the whole life-history of the radium. 

The emanation, after it has been removed from 
the radium, itself undergoes decomposition. It was 
found that it half-decomposed in 3.7 days. The 
emanation from thorimn had a much shorter life- 
history, imdergoing half-decomposition in about 
one minute. 

It will be recalled that the rate at which radium 
gives off heat was independent of the conditions to 
which the radium was subjected. It liberated heat 
just as rapidly at a very low, as at ordinary, or very 
high temperatures. It is just so with the decay of 
the radium emanation. It goes on at a perfectly 
definite rate, independent of external conditions. 
It takes place just as rapidly at ordinary as at 
elevated temperatures. This lack of a temperature 
coefficient differentiates this decomposition from an 
ordinary chemical reaction. The very remarkable 
fact was discovered by Ramsay ^ and Soddy, that 
when the radium emanation breaks down it yields 
among other things the element heliimi, and this 
leads to a word in reference to the discovery of the 
element helium upon the earth Heliimi had long 

» Phfl. Mag., 4» 681 (1902). ;:,.,,. :•. 
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been known in the sun. It was discovered there, 
spectroscopicaUy, by Sir Norman Loekyer. 

Lord Rayleigh had shown that atmospheric nitro- 
gen was heavier than pure nitrogen prepared by 
heating ammonium nitrite. Sir William Ramsay 
had studied the cause of this difference, and the 
result was the discovery of argon in atmospheric 
air. Ramsay extended his investigations of the 
atmosphere, and soon discovered the presence in it 
of very small quantities of the element helium. He 
had shown that the element heliimi is present in 
certain water, and in certain minerals, especially 
those that contain uranium. 

The element helium is readily detected by the 
presence of the yellow Ds spectrum line, which is 
very close to the D2 line of sodium. 

When the emanation from radium was introduced 
into a sparking tube, which is simply an empty glass 
tube with two electrodes sealed into its ends, and 
the spark passed, there was no trace of the helium 
spectrum present; the spectrum of the emanation 
itself being the only one seen. When the tube 
was set aside for a time, indeed, for only a few days, 
the original spectrum of the emanation disappeared, 
and the spectrum of helium made its appearance. 

Production of an Element. — Thus was produced 
from another substance the element helium. Such 
an announcement of course attracted very wide 
attention, and this experiment was repeated. The 
first suspicion was that the helium was occluded in 
the radium salt, and was given off when the emana- 
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tion was removed from the salt. This was tested 
by Mme. Curie and Deslandres ^ in the following 
manner: A specimen of radium bromide in a glass 
vessel was connected with an air-pump and exhausted 
for three months. Any occluded gas must have 
been given off under this treatment. 

The radium bromide was then placed in a quartz 
bulb and fused. Any occluded gases would certainly 
have been given off. The radium bromide, thus 
rendered absolutely free from occluded gases, was 
sealed up and allowed to stand about twenty days. 
A spectroscopic examination of the contents of the 
tube showed that it contained helium. 

The radium emanation from which the helium 
was produced, is something fundamentally different 
from heUum. The emanation condenses to a liquid 
at — 152^. Helium is not Uquefied imtil a tempera- 
ture of — 253^ is reached. The ^nanation has a 
molecular weight of about 200; helium an atomic 
weight of 4 which is equal to its molecular weight, 
since the molecule is monatomic. 

This was the first case ever observed of the pro- 
duction of a chemical element from anything else; 
and naturally attracted wide attention. It also 
led to the production of a mass of sensational 
literature, bearing such headings as ''The dream of 
the alchemist now realized," the ''Transmutation of 
the elements has now been effected," and the like. 

Not Transmutation. — A moment's thought wiD 
show that there is not the slightest foundation 

^ Compt. Rend., 188, 190 (1904). 
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for such statements. The spontaneous production 
of heUum from the radiimi emanation is one thing, 
and the production of one chemical element from 
another by artificial means is another. 

The radium emanation is unstable and breaks 
downspontaneouslyintoanumber of things; among 
them being the element helium. This decomposi- 
tion goes on at a rate that is absolutely beyond 
our control. We cannot retard it. We cannot 
accelerate it even by raising the temperature at 
which it takes place. This is obviously an entirely 
different matter from taking a stable chemical ele- 
ment, bringing some artificial means to bear upon 
it, and thus transforming it into another elementary 
substance. 

The production of heliimi by the radium emana- 
tion is not a transmutation of one element into 
another, as that term was understood by the alchem- 
ists, or as it is imderstood today. 

Heat Produced by the Radium Emanation. — We 
have seen that radium is capable of producing 
enormous quantities of heat. Indeed, quantities 
that are several million times as great as that 
evolved in the most exothermic chemical reaction. 
Further, the amount of heat liberated is indepen- 
dent of the temperature to which the radium is sub- 
jected. These are all unique facts. They are not 
analogous to anything that was known prior to 
their discovery. 

A much more remarkable fact, however, remains 
to be discussed. About ihree-fourths of aU the heat 
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that was supposed to be given off by radium is 
given out by the radium emanation. When we 
consider the amoimt of the emanation in radiiun 
this fact is scarcely believable. The largest amount 
of radium emanation thus far obtained is only a 
fraction of a cubic millimeter; and, yet, this gives 
off three-fourths of all of the heat liberated by 
radium. The radium emanation, then, represents 
a concentration or condensation of energy, so great 
that it is literally inconceivable. 

Induced Radioactivity. — When the radiiun emana- 
tion is deposited upon other objects it renders them 
radioactive by induction, as it is called. The radium 
emanation induces radioactivity on all objects on 
which it is deposited. This induced radioactivity 
decays or disappears, as the emanation which causes 
it decays. 

When the radium emanation decays it yields, as 
we have seen, the element helium. It also yields 
a number of other things. These are radium A, 
B, C, D, E, and F, each of which is transformed into 
the following, losing a, or a, fi, and y particles and 
rays; the final product of decomposition being 
probably lead. There are good reasons for supposing 
that all of these substances are chemical elements. 

Radioactive Matter being Unstable Decays, and is 
also Produced. — We have seen that the radium 
emanation, which has most of the radioactivity of 
radium, and gives off three-fourths of the total heat 
evolved, undergoes rapid decay. We have also 
seen that deemanated radium, when set aside and 
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allowed to stand, produces another crop of the 
emanation. This second crop can be removed and 
a third is produced, and so on. The production of 
the radium emanation from radium goes on during 
the whole life-history of the radium, which is between 
2000 and 3000 years. 

We have learned from the work of Henri Becquerel 
that the element uranium is radioactive. Indeed, 
it was the first naturally radioactive substance to be 
discovered. The element thoriiun is also radioactive 
and has an emanation of its own. Indeed, the 
thorium emanation was the first emanation dis- 
covered by Rutherford. The question arises. Do 
these mildly radioactive elements, uranium and 
thorium, produce from themselves any radioactive 
forms of matter? 

Uranium X. — Sir William Crookes* found that 
when a solution of a uranium salt is treated with 
a solution of ammoniimi carbonate, the precipitated 
uranium dissolves in an excess of the carbonate. 

There is, however, a small residue which does not 
dissolve in the excess of ammonium carbonate. 
This residue is highly radioactive, and, indeed, 
contains most of the radioactivity of the uranium. 
When this substance is thus removed from uranium 
the latter is scarcely radioactive at all. This sub- 
stance was called by Crookes uranium X. 

When uraniimi, from which uranium X has been 
separated, is allowed to stand for a time, it produces 
another crop of uranium X, and this apparently 

1 Proc. Roy. Soc., 66, 409 (1900). 
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continues indefinitely. Uranium thus produces a 
radioactive constituent from itself, apparently during 
its whole life which is very great. 

Thorium X. — Similar results were obtained with 
the element thorium. Rutherford and Soddy^ 
found that when thorium salts are precipitated by 
ammonia, the precipitate is much less radioactive 
than the thorium salt. The thoria was filtered off 
from the solution and the filtrate evaporated to 
dryness. The residue after heating to remove all 
ammonium salts was f oimd to be very radioactive. 
This small residue, which was more than a thousand 
times as radioactive as thoriimi itself, Rutherford 
called thorium X. It is apparently produced con- 
tinuously and continually from thorium during its 
whole life-history. 

Thoriimi salts from which thoriimi X has been 
removed, like uranium salts from which uraniimi 
X has been removed, are practically nonradioactive. 
When allowed to stand, thorium produces thorium 
X, like uranium produces uraniimi X. They both 
thus quickly regain their radioactivity again. 

The characteristic of radioactive elements, so- 
called, is, then, that they produce from themselves 
some radioactive form of matter. This can be 
separated and a new crop is produced, and this 
goes on dming the whole life-history of the element 
in question. 

It is obvious that we are dealing here with a class 
of phenomena entirely unknown to the man of 

^ Joum. Chem. Soc., 81, 837 (1902). 
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science until a few years ago. We must now see 
what is the explanation of such phenomena. 

Explanation of RADiOAcnvE Phenobcena 

The More Important Properties of Radioactive 
Substances. — The more important facts brought 
out as the result of studying the radioactive ele- 
ments are: 

The property possessed by certain elements of 
giving off radiations — alpha, beta, and gamma 
radiations; the alpha radiation being atoms of the 
element helimn. Thus, certain chemical elements 
are giving off something continuously from them- 
selves. 

Certain elements are capable of producing from 
themselves radioactive forms of matter; uraniimi 
produces uranium X, which decomposes yielding a 
number of new elements; thorium yields thorium 
X, which decomposes producing a number of new 
elements; radium produces the radiimi emanation, 
which decomposes jdelding a number of new elements. 

The radium emanation breaks down yielding 
among other things the well-known element helium. 

AU things considered, the most remarkable prop- 
erty of the radioactive elements is the production of 
enormous amounts of heat energy. This is especially 
true of the radium emanation. 

The Older Conception of the Atom Cannot Explain 
Radioactivity. — The older chemical conception of 
the atom makes it impossible to explain a single 
one of these phenomena. If we regard the chemical 
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element as a dead, inert, ultimate unit, we would 
have the mere facts of radioactivity staring us in the 
face without being able to account for a single one 
of them. Radioactivity would, therefore, either be 
pure empiricism, or at best somewhat systematized. 
We would have today no science of radioactivity. 

This, as we know, is not the case. We have a 
science of radioactivity, due to the discovery of 
the nature of the atom by Sir J. J. Thomson, and 
the application of the results of Thomson's work 
to the facts of radiochemistry by Rutherford. 

The Electron Theory and Radioadivily. — In 
terms of Thomson's work we know that the simplest 
atom is tremendously complex, and we know in the 
main in what its complexity consists. The atom 
is made up of a large number of isolated negative 
charges of electricity, or electrons as they are termed, 
moving with high velocities, each in a definite 
orbit, in a field of uniform, positive electrification. 
It is very easy to see how an atom is unstable. 
Some of the electrons in their flight get into a 
position relative to the other electrons, where they 
are carried out of the atom, and are thus thrown 
off into space. These electrons may escape in 
groups giving us the alpha particles, or they may 
escape singly, giving us the beta particles. 

Heavier Atoms more Radioactive. — The heavier 
atoms contain the larger number of electrons, and 
these, other things bdng equal, would be the most 
unstable. It is worthy of note that the heavier 
atoms are the most radioactive. The heaviest 
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atom of them all is uranium. Its atomic weight is 
238.5. Uranium is one of the more radioactive 
elements. Next to uranium, in the order of atomic 
masses, is the element thorium, with a mass of 232.5. 
Thorium is one of the more radioactive elements. 

The most radioactive element of them all, as far 
as the widely distributed substances are concerned, 
is radimn. Its atomic mass is 227. The radium 
atom is, therefore, smaller than the atom of uranium 
or the atom of thorium, and yet radium is at least 
a million and a half times more radioactive than 
uranium. This is, however, not at variance with 
the general relation between atomic masses and 
radioactivity. We have seen that radiimi possesses 
an enormous amount of intrinsic energy. This is 
shown in part by the fact that the radiimi emansr 
tion produced by radium gives off such an enormous 
amount of heat energy. This heat must come 
ultimately from the intrinsic energy in the radium 
atom. We have also seen that intrinsic energy is 
the kinetic energy of the moving electrons. The 
enormous amount of intrinsic energy in radium can 
be best explained by its electrons having very high 
velocities. Since the radium atom apparently has 
so much more intrinsic energy than any other well- 
known atom, we can conclude tentatively that its 
electrons probably move with much higher velocities 
than the electrons in atoms of other elementary 
substances. If the radium electrons move with 
such relatively high velocities, they would be more 
likely to fly off from the atom than the more slowly 
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moving electrons. Radium would, therefore, be 
more radioactive than thorium and uranium in 
which the electrons probably move more slowly, 
notwithstanding the fact that its atomic mass is 
less. 

Alpha Particles Tend to came off First. — In terms 
of this conception of the origin and nature of radio- 
activity, we should expect the groups of electrons or 
alpha particles to come off first in the radioactive 
changes through which a radioactive atom passes. 
Then, as the atom became more stable, it would 
give off single electrons or beta particles. An 
examination of the radiations given off by the 
decomposition products of radium shows that this 
is, in general, true. Thus, radium gives off alpha 
particles and yields the radium emanation. The 
emanation gives off alpha particles and yields 
radium A. Radimn A gives off alpha particles and 
jdelds radium B. Radium B passes over into radium 
C without giving off any radiation. Radium C 
passes into radium D, giving alpha, beta, and gamma 
radiations. Radium D produces radium E without 
loss of any radiation. Radium E in passing into 
radium F gives off beta and gamma rays, while 
radium F seems to give off some alpha particles and 
probably passes into lead, which may be regarded as 
the ashes of radium. 

The relation that the alpha particles tend to come 
off first is well established by the above sequence of 
transformations. The same general relation mani- 
fests itself in studying the radiations given out by 
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the successive decomposition products of thorium, 
uranium, and actinium. 

The Chemical Atom Unstable. — The key to the 
explanation of radioactive phenomena is, then, the 
unstable chemical atom. The electron theory of 
Thomson and Lorentz shows how an atom can be 
unstable, and thus gives us the basis for explaining 
radioactivity. 

All Atoms Probably Radioactive. — The question 
arises, Are only the larger atoms radioactive? Are 
these the only atoms that are unstable and are 
breaking down into simpler things? We know that 
these are the most unstable. What about the 
others? There is today a reasonable suspicion that 
all of the elements are more or less radioactive, 
are more or less unstaUe* btdeed, some of them, 
such as potassium and m^mrhave been shown to 
be slightly radioactive. If all of the elements 
should be shown to be breaking down into something 
simpler, then we would have in the inorganic or 
dead world a process going on which is exactly the 
reverse of that which characterizes living matter. 
Here we have a building up of the complex from the 
simpler — an evolution. If the chemical elements 
are continually breaking down into simpler things 
we have in the inorganic world a devolution; the 
exact opposite of evolution in living matter. 

The Origin of Radium. — A word before concluding 
this part of our subject as to the origin of radiimi 
itself. We have said that the life-history of radiiun 
is between two and three thousand years. This 
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means that none of the radium now present existed 
more than twenty-five hundred years ago. The 
question that arises is this: Will radium twenty-five 
hundred years hence be all decomposed, or is it 
being produced, and if so from what? 

Radium occm^ in general in uranium minerals. 
From this fact, it was for a time supposed that 
uranium produces radium directly. Indeed, salts 
of uranium were freed from radium and set aside 
to see whether radium would be produced by them. 
Negative results were obtained. More recent work 
by Soddy, McCoy, and Boltwood has shown that 
the amount of radium in uranium minerals is pro- 
portional to the amount of uranium in these minerals. 
This makes it highly probable that there is a genetic 
relation between the uraniimi and the radium. 

Radium Proctuced Indirectly from Uranium. — 
If the radiimi is not produced directly by the ura- 
nium, perhaps it is produced indirectly. There may 
be one or more products intermediate between the 
uranium and the radium. 

Ionium. — Boltwood has isolated one such inter- 
mediate product, which, from its ionizing power, he 
terms ionium. The existence of this intermediate 
product has been confirmed by the subsequent work 
of Marckwald and Keetman.^ The sequence of 
products from uranium, through ionium and radium 
to lead, is then as follows: 

Uranium — Uranium X — loniimi — Radium Ema- 
nation — Radium A — Radium B — Radium C — 

1 Ber. d. chem. GeseU., 41, 49 (1908). 
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Radium D — Radium E — Radium F — Polonium 
— Lead. 

This brief sketch of some of the phenomena pre- 
sented by radioactive substances is aU that the 
scope of this work will allow. Any one who is 
interested in the subject of radiochemistry must 
consult some larger work^ dealing only with this 
subject. 

Supposed Transmutation of Certain Elements. — 
From what has been said above, it will be seen that 
the spontaneous production of helium from the ra- 
dium emanation is not a transmutation of an 
element in the sense in which that term has been 
used. Certain experimental results have, however, 
been described which would be true transmutations. 
Sir William Ramsay stated several years ago that he 
obtained a trace of lithium from copper by allowing 
the radium emanation to act on an aqueous solution 
of a copper salt. The weakest point in his experi- 
ment seems to have been that it was carried out 
in glass vessels, and nearly all glass contains more 
or less lithium. These experiments were repeated 
by Mme. Curie in platinum vessels and no lithium 
was obtained. 

Ramsay subsequently stated that when certain 
salts of zirconium, thorium, silicon, and bismuth 
were treated in solution with the radium emanation, 
they continued to give off carbon dioxide. He inter- 
preted these facts as due to the transmutation of 

^ See the author's ''Electrical Nature of Matter and Radioactiv- 
ity/' 2d ed., (D. Van Nostrand Ck>.). 
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these elements into carbon by the radium emana- 
tion. Only a short time ago a startling announce- 
ment came from Ramsay/ on the one hand, and 
an equally startling announcement from CJoUie 
and Patterson on the other. Ramsay opened 
some old X-ray bulbs and found that they contain 
helium, with a trace of neon. He conjectxuies that 
the helium and neon may have penetrated the 
walls of the bulb under the influence of the cathode 
discharge, or that the helium may have been built 
up from the electrons, is the product of the 
cathode rays. The latter alternative seems highly 
improbable. 

The result recently announced by Collie and 
Patterson is even more surprising. When X-rajrs 
are sent through hydrogen gas, they claim that 
helium and neon are produced. 

It is impossible to judge of the real significance of 
these announcements, so soon after they are made. 

Importance of Physics and Mathematics for Cherrir 
istry. — In concluding this Uttle work on the 
"New Era in Chemistry," there is one dominant 
thought. The chemistry of the last twenty-five 
years dijffers in many respects in kind from the 
chemistry which preceded that period. The earlier 
chemistry was at first purely empirical. Then it 
became more and more systematic. Now it is 
becoming more and more scientific. 

What has brought about this change, which 
amounts almost to a revolution? It has been the 

^ Journ. Chem. Soc., 108, 264 (1913). 
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introductioii of physical and mathematical methods 
into chemistry. Whenever we have succeeded in 
solving any fmidamental problem in general chem- 
istry^ it has been through the application of phys- 
ical methods. There is scarcely an exception to this 
statement. 

The question then arises, What is the future of 
chemistry? The answer is reasonably obvious. 
The old, purely descriptive chemistry will drop 
more and more into the background. Chemistry 
will become every year more physical and more 
mathematical; and students of chemistry will learn 
what they are already beginning to realize, that they 
can do little or nothing with the science of chem- 
istry, without having first acquired a good knowl- 
edge of the fundamental principles of physics, and 
an elementary knowledge of the higher mathematics. 

For my own part I have no doubt that the develop- 
ment of chemistry in the next fifty years, along 
physical and mathematical lines, will far exceed its 
development in these directions during what we 
have called the "New Era." 

Let all who have the interest of chemical science 
at heart work to this end; since in this way, and in 
this way only, can chemistry ever become a real 
branch of exact science. 



APPENDIX 

In concluding this work it has seemed desirable 
to add a few pages of a personal character. It 
has been my good fortmie to have known, in one 
capacity or another, nearly all of those whose work 
has made possible the ''New Era" in chemistry. 
These men have been the leaders in chemistry, and 
it is always of interest to learn something of the 
personalities of really great men. 

MendeUeff. — The two men who contributed 
most towards converting empiricism into system in 
chemistry were Mendel^eff and Kekul^. I met 
Mendel6eff in London in the spring of 1894. His 
was a most impressive personality; of medium height 
and stocky build, his long, shaggy gray hair and 
enormous cranium gave him an unusual appearance. 
His intense interest in science in general, and in the 
nature of solution in particular, his disregard of the 
ordinary social forms, his imkempt appearance, 
all pointed to a man of genius, whatever that may 
mean. 

KekuU. — Eekul6 was the exact opposite of 
Mendel4eff. He was as handsome as a picture, and 
evidently solicitous about his personal appearance. 
I heard him lecture in the summer of 1892. His 
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Cjerman lacked the gutteral so often heard, and was 
really musical. This was probably due in part to 
the fact that he had been so long in Belgium, and 
had spoken so much French, and in part also to his 
inheritance. 

His lecture was on hydrogen dioxide and ozone. 
It was unusually clear, and delivered with an ele- 
gance of manner that made a deep impression. 
The most memorable feature of the lecture was that 
he interpreted all of the facts in terms of the con- 
stant valency of the atoms present, and then spoke 
at some length upon this subject. This was almost 
a necessary outcome of his views on chemical 
constitution. Personally, he was one of the most 
genial of men, and at that time was especially 
interested in pyridine, upon which he had just 
finished an elaborate investigation. 

The influence of Kekul6 on carbon chemistry was 
greater than that of any one man of his time, and 
could be compared with that of Liebig; and it 
probably surpassed even that of his teacher, liebig 
himself. As he himself said in his celebrated lectmre 
before the German Chemical Society in 1890, he 
belonged to no school. He was a pupil of Liebig, 
also of Dumas, Gerhard, and Williamson. 

He was rather a founder of a school. His oldest 
pupU was Baeyer; and Emil Fischer and Victor 
Meyer, not to mention a number of brilliant younger 
men, can be regarded as belonging to this same 
general school. The influence of Eekul6 on carbon 
chemistry from 1866 to 1886 can almost be com- 
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pared with that of Van't Hoff on chemistry in 
general since that time. 

Gabs. — The modesty of Willard Gibbs has 
abeady been referred to. This was strikingly 
illustrated in an experience which the writer had 
with him a few years before his death. It was 
formerly the custom of Ostwald to publish in the 
closing volume of any year in his journal^ the ^'Zeit- 
schrift ftir physikalische Chemie/' the portrait of 
some illustrious man of science. In 1896 Ostwald 
desired to obtain a good photograph of Willard 
GibbS; and as I had recently returned to this 
country from Ostwald's laboratory^ he wrote me to 
secure for him the desired photograph. 

I wrote Gibbs and extended to him Ostwald's 
request. Gibbs replied that he would gladly send 
me the photograph which I desired to forward 
Ostwald, but he was sure there must be an error 
somewhere. There could be no reason why Ostwald 
should want to publish his portrait in the '^Zeit- 
schrift." I wrote him again and assured him that 
there was very good reason why Ostwald should 
want him in the* "Zeitschrift." 

The photograph came, but with it a letter stating 
that he still could not understand the request of 
Ostwald, and that he reluctantly sent the picture, 
with the understanding that I was to take all 
responsibility in the matter. I replied that this I 
would cheerfully do. Such a characteristic is quite 
common in really great men. They are nearly all 
perfectly natural. They can afford to be. 
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Ramsay. — When returning from my studies of 
two years on the continent of Europe, I spent three 
weeks in London in the spring of 1894. During this 
time I saw much of Ramsay both in the laboratory 
and in his home. The genial, attractive, and hos- 
pitable characteristics of the man were just such as 
to draw to him a young man. He impressed me 
then as having the most skillful pair of hands that 
I had ever seen at work in the laboratory. His 
glass-blowing, quartz-blowing, his manipulation in 
general, were unique. 

The possession of these characteristics has mani- 
fested itself in his subsequent work, which represents 
the finest skill of which the experimenter is thus far 
capable. 

One incident is really of historical interest in 
connection with the discovery of argon. The 
evening before I sailed for home I was invited to 
dine with Ramsay at his home. It being in May 
his family had already gone to Scotland. After 
dinner, over the cigar, he told the story of Rayleigh's 
discovery that atmospheric nitrogen was heavier 
than chemically pure nitrogen. He said Rayleigh 
has asked me to cooperate with him in isolating 
this heavier constituent in the nitrogen of the atmos- 
phere. He then outlined the program which he 
had marked out for solving this problem. He was 
going to remove the oxygen from the air with hot 
copper. The nitrogen was to be taken out with hot 
magnesium; the ordinary constituents, carbon diox- 
ide and ammonia, having been removed by the usual 
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methods. In this way, said Ramsay, the heavier 
constituent in atmospheric nitrogen will be. left 
behind, and we can then study it. 

Any one who has followed the discovery of argon, 
recognizes at once that the above program was 
subsequently carried out to the letter. Indeed, 
Ramsay could have written, that evening, his 
paper on the discovery of argon, and simply waited 
for the predicted facts before publishing it. This 
incident shows the way in which Ramsay's mind 
worked. He had an insight into phenomena, and 
a foresight that has proved of incalculable value to 
him. The importance of the discovery of argon is 
augmented by the fact that it led to the subsequent 
discovery of helium, neon, xenon, and krypton; and 
the transformation of the radium emanation yield- 
ing helium, the most important of all. This insight 
and foresight have been defined by some as genius. 

VainU Hoff. — The three epoch-making contribu- 
tions of Van't HoJBF to chemistry have already been 
studied at some length. These are: His theory of 
the asymmetric, tetrahedral carbon atom; his work 
on chemical dynamics and equilibrium; and by far 
the most important of all, from the standpoint of 
a science of chemistry, the relations between gas 
pressure and osmotic pressure. His study of solid 
solutions would be regarded as very important, and 
by itself considered, it is. This is, however, so over- 
shadowed by his greater generalizations, that it is 
often forgotten in dealing with the work of this 
brilliant man. 
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As has already been stated, Van't Hoff was called 
to Berlin, and accepted the professorship in the 
University and membership in the Prussian Academy 
of Sciences, in 1896. From this time to his death 
in 1911 Van't Hoff held these positions. His work 
while in Berlin had to do primarily with the study 
of the conditions under which the inland salt de^ 
posits, such as those at Stassfurt, were formed. It 
consisted essentially in the study of the effect of one 
salt on the solubility of another salt, and the plotting 
of the results in terms of the Phase Rule. 

I have heard Van't Hoff himself state that he did 
not regard this work as being in the same class with 
his earlier generalizations, which is obviously true 
to any one who has followed all of his investigations. 

Van't Hoff, as is well known, contracted tuber- 
culosis, probably while studying an eruption of 
Vesuvius. He thought that the dust lacerated his 
throat and lungs, and that the tubercle bacillt^ 
then began its work — a theory which is very 
plausible, as all who have visited Naples will recog- 
nize. His untimely death at the age of fifty-nine 
removed from chemistry the one who has probably 
contributed more epoch-making generalizations to 
that science than any one who has ever lived. 

I worked in the laboratory of Van't Hoff in 
Amsterdam for a short while in the early spring of 
1894. My object was to study his method of 
investigating and his habits of thought. I found 
him a man of small stature and of a decidedly nervous 
temperament. The latter came no doubt in part 
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from the eictreme tension and concentration under 
which he worked. 

He experimented all day in the laboratory, and it 
was the spring vacation of the University. It is 
sometimes said that Van't Hoff did not do much 
experimental work, or at least has not published the 
results of many investigations. The latter state- 
ment is true, but the former, from my own observa- 
tions, I greatly doubt. 

Van't Hoff looked upon experimental work, as he 
looked upon many other matters, in a different 
way from the average man. He did not carry out 
experiments and publish the results simply for their 
own sake. He looked upon experiments as means of 
testing generalizations; he regarded experimental 
work in a deductive rather than in an inductive 
light. I think it safe to say that many of the results 
obtained by Van't Hoff were never published, 
because he did not see any special object in publish- 
ing them. This is probably the condition which 
chemistry as a whole will reach in the next half- 
century. 

The following may serve to illustrate his method 
of dealing with the experimental work of others. 
A problem which, at that time, was troubling a good 
number of investigators, was the lowering of the 
freezing-point of water produced by dilute solu- 
tions of cane sugar. A large number had worked 
upon it, but no two had obtained even approxi- 
mately the same results. The second day I was 
in his laboratory he brought in a blackboard, on 
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which he had tabulated all of the results obtained 
by all of those who up to that time had worked on 
this problem. He said: ^'I have been studying 
these data for some time, but I cannot make much 
out of them." Today we know why. Certain 
conditions which affect such results had not then been 
discovered, and all of those results contained appre- 
ciable and varying errors. 

Another incident which occurred in Van't Hoff's 
laboratory will illustrate his mental habit. Just 
before that time Baeyer had described a terpene 
derivative which was optically active, and which he 
thought did not contain any asymmetrical carbon 
atom. I asked Van't Hoff what he thought of it. 
He replied, "We must have patience, it will come 
out all right," and it did. When the constitution of 
the compound in question was finally worked out, 
it was found to contain an asymmetric carbon atom. 

Van't Hoff's mind, as has been stated, was of the 
generalizing t3rpe. He told others what their experi- 
mental results really meant, and this is one of the 
rarest and one of the most valuable t3rpes of mind. 
Personally, he was characterized by modesty, sim- 
plicity, and naturalness. These might be termed the 
three graces of true greatness. Whenever we meet 
their opposites, we are liable to suspect that they 
are invoked to conceal natural incapacity and weak- 
ness. He was a true and sincere friend, and most 
hospitable to his friends. 

Van't Hoff enjoyed what is not given to many men 
who are greatly in advance of their day. He lived 
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to see the value of his work generally recognized 
and appreciated. He was elected an honorary 
member of most of the learned academies and socie- 
ties of the world. He was awarded the first Nobel 
Prize in chemistry, which alone illustrates the 
opinion of him held by his fellow chemists. Van't 
Hoff was not only a great man of science, but a great 
man. 

Arrhenvua has contributed one of the greatest 
generalizations to science, the theory of electrolytic 
dissociation, and this is of such wide-reaching and 
fundamental significance that one such generaliza- 
tion is enough for any man. Before this generaliza- 
tion was proposed, there seems to have been no clear 
conception of just how chemical reactions take place 
or between what. Things were simply brought to- 
gether in the most empirical manner, certain reac- 
tions took place, and practically the entire attention 
was fixed upon the end products. The result was the 
accumulation of many facts, the meaning of which 
could not possibly be understood. A very few of 
these have already been referred to under the dis- 
cussion of the dissociation theory. 

Arrhenius came upon the chemical scene just at 
the right time. He showed that chemical action 
takes place only between bodies which are charged 
to diflferent electrical potentials, and thus placed 
chemical action upon a physical and rational basis. 
HiB generalization did more than this. It corre- 
lated great masses of apparently more or less dis- 
connected facts, and brought out relations between 
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8uch facts which had a real significance and meaning. 
This was not one of the least important functions 
of the theory of electrolytic dissociation for chem- 
istry. The bearing of this theory on the natiure of 
solutions of electrolytes has already been considered 
in sufficient detail for the present purpose. 

I worked in the laboratory of Arrhenius in Stock- 
holm in the summer of 1893, and thus b^an a friend- 
ship which has grown with time. Arrhenius was at 
that period interested in the old Mendel6eff theory 
of hydrates, and we worked on a problem bearing 
upon that theory. The results of the work were to 
show that this theory was fundamentally wrong. 

Arrhenius was professor in what was then called 
the Stockholm High School, but which has since 
become the University of Stockholm. He was later 
called to the University of Berlin, but when the 
Nobel Research Institute was built for him in 
Stockholm, he decided to decline the call. 

Personally, Svante Arrhenius is one of the most 
genial and jovial of men. His friends are almost as 
numerous as his acquaintances. When a few years 
ago it was proposed to publish a ^'Jubelband'' to 
him in the series of the ''Zeitschrift ftir ph}n3ikalische 
Chemie," to celebrate the twenty-fifth anniversary 
of the announcement of the theory of electrolytic 
dissociation, it was found necessary to publish two 
volumes, so many were those who desired to con- 
tribute. Arrhenius was awarded one of the earlier 
Nobel Prizes, and he, like Van't Hoff, has lived to 
see his great generalization become one of the 
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oomerHstones of modem scientific chemistry. Re- 
cently, Arrhenius has become very much interested 
in astronomical and cosmic problems. The posi- 
tion of Arrhenius in chemistry is perfectly definite 
and fixed. His contribution to the inauguration of 
the "New Era in Chemistry" is fundamental and 
epoch-making in the highest sense of these terms. 

Ostwald. — The most striking charsU^teristic of 
Ostwald's genius is its many-sidedness. His experi- 
mental work and his work as an organizer of a new 
school of chemistry have already been discussed at 
sufficient length. 

Ostwald realized what is given to so few to realize; 
that is, when he had done enough in his chosen field. 
The University of Leipzig built for him a new and 
magnificent Physical Chemical Institute, and into 
this he moved from the small and poorly-lighted 
quarters which he occupied during the first period 
of his connection with the University of Leipzig. 
Notwithstanding this inducement to continue along 
experimental lines, Ostwald resigned his professor- 
ship and retired to his country estate at Gross- 
Bothen, about twenty miles east of Leipzig. 

From a comparatively early time Ostwald had 
taken a deep interest in philosophy. He wrote an 
elaborate treatise on ''Die Natur philosophic.'' He 
also founded an ''Annalen der Natur philosophic." 
His interest in philosophy, as we shall see, still 
continues. 

During his experimental period Ostwald took 
few and short vacations. When these were not 
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spent in writing some book, they were devoted to 
painting; and he has made quite a reputation for 
himself as an artist. His interest in art took graphic 
form, and we have his little book, "Letters on Art." 
The aim of this work is to introduce the scientific 
method and scientific principles into the prepara- 
tion of the canvas and into painting itself. 

Ostwald, as has already been pointed out, called 
attention to the fundamental importance of energy 
changes for chemistry. Indeed, he showed on 
philosophical grounds, that we really know nothing 
but energy and changes in energy. When he 
purchased his country estate it was then only natural 
that he should name it "Energie." Here he now 
hves and follows his own bent. He has become a 
"Monist" in philosophy, and since the accident 
to Haeckel, has become the recognized leader of 
Monism. One of his most recent works, which 
is still appearing, is "Sunday Sermons on Monism." 
He was president of the recent Congress of Monists 
which met at Hamburg. 

The spirit of the organizer still manifests itself 
in his efforts to secure a German, and also an Ameri- 
can centre for all of the hterature of chemistry. 
His organizing power has gone even beyond the range 
of chemistry or of natural science. He has been 
impressed by the fact that books are published 
in all sizes, and irregularity is the key to the appear- 
ance of any library. This is easily seen to be both 
inconvenient and homely. He has started a move 
in Germany, which it is to be hoped will become 
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world-wide in its scope, to publish all books in a 
few standard sizes. This, like most of the organiz- 
ing suggestions that come from Ostwald, is based 
upon good, hard common sense. 

A visit of a day to Ostwald at Gross-Bothen is 
worth a transatlantic trip. You cannot be in his 
presence for ten minutes, without realizing that 
you are facing a really great man. His breadth of 
knowledge, his depth of interest, his imbiased judg- 
ment of men and ideas, his originality and many- 
sidedness, all taken together make him one of the 
most interesting personalities of the age. 

In him again the perfect naturalness and simplic- 
ity of manner which characterize the truly great 
are most pronounced. Ostwald has lived to see the 
influence of his work. He has been awarded the 
Nobel Prize in chemistry, and has been elected a 
member of nearly all of the learned scientific and 
philosophical societies. He has lived to see chem- 
istry largely transformed from empiricism and system 
into science, due in no small measure to his own 
organizing power. 

An original and systematic mind, a kindly and 
generous heart, a many-sided genius is Wilhelm 
Ostwald. 
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